Synthesis and characterization of aerogels from shape controlled metal and semiconductor nanocrystals by Naskar, Suraj
Synthesis and Characterization of Aerogels 
from Shape Controlled Metal and 
Semiconductor Nanocrystals 
 
Von der Naturwissenschaftlichen Fakultät der 
Gottfried Wilhelm Leibniz Universität Hannover 
 
zur Erlangung des Grades 
 
Doktor der Naturwissenschaften (Dr. rer. nat.) 
 
genehmigte Dissertation 
von 
Suraj Naskar, M.Sc. 
2017 
  
 
II 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Referentin: Dr. rer. nat. Nadja-Carola Bigall 
Korreferent: Prof. Dr. rer. nat. Jürgen Caro 
Korreferent: Prof. Dr. Liberato Manna 
Tag der Promotion: 21.03.2017 
Preface 
 
III 
Preface  
The innovative research work presented in this thesis was conducted during my Ph.D 
studentship under the supervision of Dr. Nadja C. Bigall from November 2013 to January 
2017 in the Institute of Physical Chemistry and Electrochemistry (PCI) at Gottfried 
Wilhelm Leibniz University of Hannover.  
During this time I have been an active participant of “Materialien aus Überstrukturen 
Maßgeschneiderter Kolloidaler Nanokristallbausteine“(MÜKoN) within the framework of 
the project NanoMatFutur (support code 03X5525) of the federal ministry of education and 
research (BMBF).  
The original research work presented in the thesis includes four articles (at the current state 
three articles are published, and the fourth is submitted) namely i) Photoluminescent 
aerogels from quantum wells ii) Highly porous aerogels from Pt nanocubes and 
nanospheres directly from organic colloidal Solution iii) Site-selective noble metal growth 
on CdSe nanoplatelets and iv), Synthesis of ternary and quaternary Au and Pt decorated 
CdSe/CdS heteronanoplatelets with controllable morphology which are written by myself 
as the first author. Apart from that, there are three more articles where I have contributed as 
co-author are published, are not included in this thesis but listed in the appendix.  
In the following section, the contributions of the authors in the publications are clarified.  
The first article in section 2 was written by me with kind support of my co-workers and 
collaboration partners. In this article, I have developed synthetic strategy to fabricate highly 
porous macroscopic aerogels from CdSe and CdSe/CdS nanoplatelets (NPLs). I have 
investigated the optical characterization of the starting building blocks and the gels by 
means of UV-vis and PL spectroscopy. Dr. Sara Sánchez-Paradinas from PCI helped me 
with the optical measurements. I have also characterized the interconnected network of the 
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aerogels by scanning electron microscopy (SEM). Jan F. Miethe performed the structural 
characterization of the gels by TEM. Nadeschda Schmidt from the Institute of inorganic 
chemistry (ACI) of the Leibniz University of Hanover conducted N2 physisorption 
experiments to evaluate the specific surface area of the aerogels. The aerogels were also 
investigated with XPS in collaboration with Prof. Herbert Pfnür from FKP. Dr. Karthiga 
Kanthasamy from FKP, assisted me to conduct the above experiments. Prof. Peter Behrens 
from ACI and especially Dr. Nadja C. Bigall helped me to evaluate the findings with 
valuable discussions and motivated me to write the article. 
The second (submitted) manuscript regarding the gelation of the shape controlled Pt 
nanoparticles was again written by me. I have investigated the morphologies by SEM and 
the surface of the aerogels by Fourier transformed infrared spectroscopy (FTIR). The 
structural characterization of the aerogels by means of TEM, to see the connections of the 
individual Pt nanoparticles was conducted by Axel Freytag. In collaboration with Dr. 
Angela Köckritz and Dr. Jens Deutsch, from Leibniz-Institut für Katalyse e.V. at the 
Universität Rostock, the catalytic activity of the Pt aerogels toward asymmetric 
hydrogenation was performed. Natalja Wendt from ACI measured the specific surface area 
of the Pt aerogels. Finally, Prof. Peter Behrens, Dr. Angela Köckritz, Dr. Jens Deutsch and 
particularly Dr. Nadja C. Bigall helped me to write the manuscript with valuable 
discussions and corrections of the work. 
The third article in chapter 4.2 was written by me with the kind support of my co-workers. 
The new synthetic strategies of fabrication of Au decorated CdSe nanoplatelets were 
developed by me. I together with Anja Schlosser, who worked under my supervision in her 
bachelor thesis, synthesized the Pt, and Pd decorated CdSe nanoplatelets. We investigated 
the optical characterization of the hybrid nanoplatelets by means of UV-vis absorption, 
photoluminescence (PL) emission spectroscopy. Characterization of the structural 
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morphologies of the hybrid nanoplatelets by means of transmission electron microscopy 
(TEM) were investigated by Jan F. Miethe and Axel Freytag from PCI. The dark filed TEM 
micrographs and the high angle annular dark field-scanning TEM (HAADF-STEM) 
micrographs were measured by Frank Steinbach and by Appl. Prof. Armin Feldhoff from 
PCI. Finally, Dr. Nadja C. Bigall corrected the manuscript and included her valuable 
opinion to improve the quality of the manuscript.  
The fourth article in section 4.3 was again written by me with kind support from my 
colleagues and collaboration partners. The new reaction procedures to obtain hybrid 
structures of Au and Pt decorated CdSe/CdS core/crown NPLs with unprecedented 
structural morphologies have been developed by me. The optical characterization, phase 
transfer of the hybrid NPLs to aqueous phase were also conducted by me. The structures 
were characterized by bright field TEM analysis by Axel Freytag. Andreas Wolf and 
Franziska Lübkemann helped me to analyze the elemental compositions of the hybrid 
structures by scanning transmission electron microscopy coupled with energy dispersive X-
ray spectroscopy (STEM-EDXS) analysis. I employed the hybrid NPLs as catalyst for 
photocatalytic H2 generation. In collaboration with Prof. Detlef W. Bahnemann from the 
Institute for Technical Chemistry (TCI) of the Leibniz University of Hannover, the 
photocatalytic activities of the hybrid particles were measured. Saher Hamid from TCI 
constructed the catalytic experimental setup and evaluated the data and gave me valuable 
opinion to write the article. I investigated the oxidation state of the noble metal domains of 
the hybrid nanoplatelets in collaboration with Prof. Herbert Pfnür from Institute für 
Festköperphysik (FKP) of the Leibniz University of Hannover. Julian Koch from FKP 
helped me to conduct the X-ray photoelectron spectroscopy (XPS) experiments. Dr. Dirk 
Dorfs from PCI and Dr. Nadja C. Bigall helped with valuable consultations, corrections and 
final submission of the article. 
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Abstract 
Synthesis of shape controlled metal, semiconductor and combined metal-semiconductor 
nanoheterostructures are of high significance because of their unique optoelectronic 
properties as well as superior catalytic activities. The thesis represents the development of 
new synthetic strategies to obtain nanoparticles with advanced functionalities and the self-
assembly of these nanoparticles into template free macroscopic aerogels, preserving 
fundamental nanoscopic functionalities. Unprecedented, structural morphologies of binary, 
ternary and quaternary nanoheterostructures are obtained by growing noble metal domains 
for example Au, Pt and Pd on quasi-2D CdSe and CdSe/CdS core/crown nanoplatelets. 
Variation of types and amount of metal precursors, temperature, solvent, surfactant, size 
and composition of the semiconductor nanoplatelets and the reaction order of the metal 
domain growth are found to be responsible for the different nucleation behavior of the 
metal domains and the final morphologies of the heterostructutres.  
Furthermore, CdSe, CdSe/CdS core/crown nanoplatelets and Pt nanoparticles synthesized 
in organic solution are converted to porous monolithic aerogels by controlled 
destabilization of the colloidal solution followed by supercritical drying. The structural, 
morphological, optoelectronic properties of the invented hybrid nanoheterostructures and 
the aerogels are investigated thoroughly by microscopic and spectroscopic characterization 
techniques.  
By virtue of charge carrier separation at the metal-semiconductor interface, the 
nanoheteroplatelets are promising for photocatalytic reactions. The aerogels of CdSe/CdS 
nanoplatelets and Pt nanocubes, exhibiting (100) as the only exposed crystal facets are 
suitable for facet selective catalysis reactions. The potential advantages and implication of 
the newly developed NPs are conducted as proof-of-principle experiments such as 
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asymmetric catalytic hydrogenation reactions yielding selective stereoisomer and with the 
generation of H2 gas by photo-reduction of water under white light irradiation. A high 
emphasis is given to realize the underlying mechanisms of the reactions, and the 
significance of the materials is discussed with respect to the state-of-the-art of the field.  
Furthermore, an outlook of the present work in terms of further improvements and future 
possibilities to fabricate multicomponent aerogels suitable for sensor based applications is 
demonstrated. 
Keywords: Aerogel, Nanoplatelet, Metal-semiconductor hybrid 
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Zusammenfassung 
Die Synthese formkontrollierter Metall-, Halbleiter- und kombinierter Metall-Halbleiter-
Nanoheterostrukturen ist aufgrund der einzigartigen optoelektronischen Eigenschaften und 
der herausragenden katalytischen Aktivitäten von sehr großer Bedeutung. Die vorliegende 
Dissertation behandelt die Entwicklung neuer Synthesestrategien, um gezielt Nanopartikel 
mit verbesserter Funktionalität herzustellen und diese mittels Selbstanordnung unter Erhalt 
der fundamentalen nanoskopischen Eigenschaften der Nanopartikel in templatfreie 
makroskopische Aerogele zu überführen. Bisher noch nicht gezeigte strukturelle 
Morphologien binärer, ternärer und quaternärer  Nanoheterostrukturen wurden durch 
gezieltes Aufwachsen von Edelmetalldomänen, wie z. B. Au, Pt und Pd, auf quasi-2D CdSe 
und CdSe/CdS Kern/Krone Nanoplättchen erzeugt. Es wurde gezeigt, dass die Variation 
von Typ und Menge der eingesetzten Metallverbindung, die Reaktionstemperatur, das 
Lösungsmittel, die Liganden, sowie die Größe und die Zusammensetzung der 
Halbleiternanoplättchen und auch die Reihenfolge der Reaktionssequenz beim Aufwachsen 
der Metalldomänen essentielle Parameter für die Nukleation der Metalldomäne und die 
finale Morphologie der Heterostruktur sind.  
Desweiteren wurden im organische Medium hergestellte CdSe, CdSe/CdS Kern/Krone und 
Pt Nanopartikel durch kontrollierte Destabilisierung und anschließender überkritischer 
Trocknung in poröse monolithische Aerogele überführt. Die strukturellen, morphologischen 
und optoelektronischen Eigenschaften der noch nie zuvor gezeigten Nanoheterostrukturen 
und der entsprechenden Aerogele wurden in der Tiefe mittels mikroskopischer und 
spektroskopischer Analysetechniken charakterisiert.  
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Bedingt durch die Ladungsträgerseparation am Metall-Halbleiterkontakt sind die 
Nanoheteroplättchen vielversprechend für eine fotokatalytische Anwendung. Aerogele 
bestehend aus CdSe/CdS Nanoplättchen oder aus Pt Nanowürfeln, welche ausschließlich 
aus exponierten (100) Facetten bestehen, sind passende Strukturen für facettenselektive 
katalytische Reaktionen. Die potentiellen Vorteile in der Anwendung der hier neu 
erzeugten Nanopartikel wurden in Vorexperimenten, wie der asymmetrischen katalytischen 
Hydrierungsreaktion zur Erzeugung stereoselektiver Isomere oder auch der 
Wasserstofferzeugung durch Fotoreduktion von Wasser unter Verwendung weißen Lichts, 
gezeigt. Schwerpunkt waren hierbei das Verständnis der zugrunde liegenden 
Reaktionsmechanismen und der Einfluss des Materials sowie die Diskussion der Ergebnisse 
mit Bezug auf den heutigen Stand der Forschung.  
Abschließend wird ein Ausblick zur Herstellung von Mehrkomponenten-Aerogelen und 
deren sensorischer Anwendung aufgezeigt. 
Schlagworte: Aerogel, Nanoplättchen, Metall-Halbleiter Hybride 
Table of Contents 
 
XII 
 
Table of Contents 
Preface ................................................................................................................................. III 
Acknowledgments .............................................................................................................. VI 
Abstract ............................................................................................................................ VIII 
Zusammenfassung ................................................................................................................ X 
1 Introduction ........................................................................................................................ 1 
1.1 Impact of Nanotechnology in Our Life ..................................................................... 1 
1.2 Motivation ................................................................................................................. 2 
1.3 Nanoparticles Properties ........................................................................................... 7 
1.3.1 Semiconductor Nanoparticles ............................................................................ 7 
1.3.2 Metal Nanoparticles ......................................................................................... 20 
1.3.3 Metal-Semiconductor Heterostructures ........................................................... 24 
1.4 Synthesis of Nanoparticles ...................................................................................... 31 
1.4.1 Semiconductor Nanoparticles .......................................................................... 33 
1.4.2 Metal Nanoparticles ......................................................................................... 35 
1.4.3 Metal-Semiconductor Heteroparticles ............................................................. 37 
1.5 Phase Transfer of Nanoparticles ............................................................................. 38 
1.6 Aerogels .................................................................................................................. 39 
1.6.1 Semiconductor Aerogels .................................................................................. 42 
Table of Contents 
 
XIII 
1.6.2 Metal Aerogels................................................................................................. 45 
1.6.3 Metal-Semiconductor Aerogels ....................................................................... 47 
1.7 Aerogel Synthesis ................................................................................................... 47 
1.8 Reference ................................................................................................................ 51 
2 Aerogels from Quasi 2D CdSe and CdSe/CdS Core/Crown Nanoplatelets ............... 59 
2.1 Summary ................................................................................................................. 59 
2.2 Photoluminescent Aerogels from Quantum Wells ................................................. 61 
3 Synthesis of Aerogels from Shape Controlled Pt Nanoparticles ................................. 86 
3.1 Summary ................................................................................................................. 86 
3.2 Highly Porous Aerogels from Pt Nanocubes and Nanospheres Directly from 
Organic Colloidal Medium ..................................................................................... 87 
4 Noble Metal Growth on CdSe and CdSe/CdS Nanoplatelets .................................... 103 
4.1 Summary ............................................................................................................... 103 
4.2 Site-selective noble metal growth on CdSe nanoplatelets .................................... 106 
4.3 Synthesis of Ternary and Quaternary Au and Pt Decorated CdSe/CdS 
Heteronanoplatelets with Controllable Morphology ............................................ 131 
5 What is next? .................................................................................................................. 168 
6 Final Remarks ................................................................................................................ 172 
Appendix ............................................................................................................................ 175 
Introduction  
 
1 
1 Introduction 
1.1 Impact of Nanotechnology in Our Life 
The word ‘Nanotechnology’ is very common these days. It is the field where one nurtures 
the science, engineering and technology of particles which have size in the nanometer 
regime, typically 1 – 100 nm. It is a rapidly expanding field of research where the 
researchers have tremendous success of synthesizing various types of nanoparticles (NPs) 
and to take advantage of their excellent optical, electrical, thermal and catalytic properties, 
which could not be simply achieved from their bulk solid counterpart. Probably the most 
known application of the NPs is the employment of quantum dots in backlight LEDs of the 
televisions, which have tumulted the world due to its amazing vibrant color quality.
1
 Apart 
from the electronics world, NPs are finding interesting applications, such as stain resistance 
clothings, sports equipments e.g., stronger and lighter tennis rackets, bicycle, golf sticks are 
few items to name among many others.
2
 The application of titanium oxide or zinc oxide 
NPs to prepare beauty or cosmetic products is well known now.
3
 Nanocomposites which 
are lighter, stronger and much effective in terms of chemical corrosion are also employed to 
improve the vehicle fuel efficiency. The so called ‘nanofilters’ employed in cars remove 
almost all airborne particles from the air before it reaches the combustion chamber, further 
improving gas mileage. Currently, the underbody panel of the new C7 Chevrolet Corvette 
car is fabricated from nanocomposite carbons making the car lighter with better mileage.
4
 
Portable water purifiers also have nanofilters with pore diameters in the range of 20-30 nm 
which can remove the viruses, bacteria or hazardous substances present in the water more 
effectively than the resins materials previously employed for this purpose. Scientists have 
now prepared sensors based on NPs which are employed to detect the selective chemical 
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molecules in amazingly low levels e.g., one molecule among one billions.
5
 Research is 
going on to employ these nanosensors in the field of surveillances and security systems or 
in medical front to accurately identify particular cells or substances in the body for cancer 
therapy. Also nanoparticles layered nanochips have been developed recently for the 
detection of antigen-antibody.
6
 These are few examples where nanotechnology is employed 
successfully to improve the existing techniques and our livelihood. More excitingly, 
researchers all over the world are currently paying attentions to utilize the superior 
properties of the advanced functionalized NPs in the greater arena of solar cells,
7
 water 
splitting,
8
 H2 fuel production,
9-10
 CO oxidation,
11
 nano-medicine
12
 etc.
13-14
 Therefore, in 
near future we can expect even more growth of the nanotechnology in various aspects of 
life. 
1.2 Motivation  
Porous aerogels from both metal and semiconductor NPs are highly interesting, since they 
combine high specific surface area, plasmonic behavior, electrical conductivity, gas 
permeability and enhanced catalytic activity.
15-17
 In general, lyogels (when pores are filled 
with solvent) are formed by the interconnection or coalescence of the individual NPs in 
solution. These lyogels can be separated from the solvent by converting them into aerogels 
via supercritical drying, which provide the opportunity to bring the colloidally derived NPs 
into solid state, while retaining the inherent properties of the building blocks. Aerogels are 
light-weight, with extremely low density (at least less than 100 times of the corresponding 
bulk material) and consist of pores typically in the micro (< 2 nm) to macroporous 
(> 50 nm) regime. Therefore, reactant molecules can easily diffuse through the pores and 
can avail the inner surface of the gels.
17-20
 These properties have made aerogels promising 
for many catalytic and sensor based applications.
15, 21-22
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Synthesis of shape controlled metal and semiconductor NPs is extremely useful as it 
provides superior control over the nanoscopic functionalities, such as optoelectronic 
spectra, surface plasmon resonance, superparamagnetism, etc. of the corresponding 
materials. Moreover, different shapes of the metal NPs exhibit different crystal facets on 
their surface e.g., cubic particles are dominant in (100), tetrahedral, octahedral, icosahedral 
particles are dominant in (111) facets.
23-25
 In certain chemical reactions, where metal NPs 
are used as catalyst, it has been observed that one specific shape of the particles show better 
catalytic activity than the others, which is attributed to the certain crystal facets present on 
the NPs surface. For examples, Pt nanocubes with enriched (100) facets exhibit higher 
turnover frequency, than the cuboctahedra, tetraherda and nanowires when employed for 
the hydrogenation of both cis and trans stilbine.
26
 On the contrary, in many cases, the 
activity of the (111) crystal facets are found to be higher than the (100) facets.
27
 Also in the 
case of semiconductor NPs, the shape and size have strong influence on the quantum 
confinement properties such as absorption, photoluminescence (PL) emission etc. For 
example, spherical quantum dots have quantum confinement in 3D, while rods or wire 
shaped particles are 2D confined and the sheet like NPLs have quantum confinement in 1D. 
These shape dependent quantum confinement controls the exciton mobility and the optical 
properties of the II-VI metal chalcogenide semiconductors. 
In the present thesis, the development of new synthetic procedures to obtain porous 
aerogels from quasi 2D CdSe and CdSe/CdS NPLs and from cubic and quasi-spherical Pt 
nanoparticles is demonstrated. Also, the synthesis of site-selective noble metal growth on 
quasi 2D CdSe and CdSe/CdS NPLs which can be used as the building blocks for metal-
semiconductor heteroaerogels is presented. The motivation of these topics is discussed in 
the following paragraphs:  
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Semiconductor NPs with variable bandgaps are very interesting for their size dependent 
light absorption as well as magnetic properties. Pure or doped metal oxides e.g., Fe2O3, 
TiO2, SnO2, MnO and II-VI metal-chalcogenides e.g., CdSe, CdTe, CdS, CdSe/CdS or 
CdSe/ZnS of different shapes and dimensions are recognized for their applications in 
photovoltaic, sensing, water splitting, LEDs, drug deliveries, cancer cell treatments etc.
28-30
 
The origin of these optical properties is the quantum confinement effect. Briefly, when the 
size of any one dimension of the particles is smaller than the average Bohr excition radius 
then the energy levels of the particles can be well explained by the particle-in-a-box 
quantum mechanical approach. The wet-chemical synthesis of 2D and 3D quantum 
confined II-VI metal-chalcogenides are well documented in literature for last ~30 years. 
Lithographic fabrication of the 1D quantum confined systems i.e. quantum wells are also 
known in literature.
31
 Although the wet-chemical synthesis of 1D quantum confined II-VI 
metal-chalcogenides, which is named as NPLs have been invented recently in 2008, and are 
comparatively new.
32
 These NPLs show fascinating optoelectronic properties such as 
narrow emission band width, high PL quantum yield, reduced Stokes shift and ultra fast 
radiative lifetime, due to the strong quantum confinement in their thickness direction. By 
controlling the quantum confinement and composition of the NPLs, one can tune the 
electronic structure and the optical properties of these colloidal quantum wells. Moreover, 
the zinc blend NPLs exhibit (100) crystal facets throughout the large flat surface. In order 
to improvise these excellent properties into sensor based devices, the NPLs need to be in 
solid state while maintaining the above mentioned quantum confinement properties. This 
challenge could be solved by the preparation of aerogel superstructure from these NPLs. In 
earlier studies, sol-gel techniques have been found to be an efficient way to obtain a 
voluminous interconnected network of the particles.
19, 33-34
 Usually, in sol-gel process, the 
gel is formed by keeping the solution in atmospheric oxygen or by adding some 
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destabilizing agents (such as H2O2) in the solution. Later the lyogel obtained is converted to 
solid macroscopic aerogel via supercritical drying  
The colloidal synthesis of metal NPs in different shapes and dimensions is well known in 
literature.
23-24, 35
 The colloidal solution of the metal NPs exhibit specific color and are 
finding potential applications in sensors
36
, medical diagnostic
37-38
 and photonic.
39
 In many 
cases, the application of these NPs derived in liquid phase are limited, especially when 
surfactant free solid state of the particles are desired. Therefore, there is an inherent need to 
develop new synthetic strategy to convert them into solid state while maintaining their 
inherent nanoscopic properties.
40-42
. It is important to note here that the existing techniques 
of aerogel formation involve multi-step reaction procedures such as concentrating the NPs 
solution, phase transfer etc. Moreover, the gelation process can only be started when the 
NPs are synthesized in polar solvent or transferred to polar solution. Furthermore, there are 
no reports on the synthesis of aerogels from shape controlled metal nanoparticles directly 
from organic solution, which would be advantageous since, the interconnected network of 
the metal NPs will have certain crystal facets outside, suitable for facet selective catalytic 
reactions as mentioned above. Therefore, optimization of the existing process of 
aerogelation is required to circumvent the above mentioned obstacles and to assemble the 
NPs in a simple and cost-effective way. 
The combination of both metal and the semiconductor in the same particle helps to 
manipulate the synergistic properties of each element in the same segment and evolve new 
properties which could not be simply achieved from a single component. In particular the 
synthesis of noble metal decorated II-VI metal-chalcogenide semiconductors such as 
nanorods, and nanospheres are finding applications in photocatalytic water splitting, H2 gas 
generation, and organic dye degradation or as sensors for detecting chemicals.
30, 43-47
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Although, the synthesis of heterostructures by growing noble metal domains on the NPLs 
and their applicability in different catalytic reactions have not been investigated at the 
beginning of this thesis. Especially, the questions like what would be the final 
morphologies of the hybrid structures, the nucleation behavior of the metal domains, the 
optical and catalytic properties of the hybrid NPLs, have motivated us to investigate the 
chemistry of metal decorated NPLs. Theoretically, the NPLs have larger flat surface than 
the nanospheres or nanorods and therefore NPLs could be more advantageous for 
photocatalytic reactions. It has been shown recently, that the CdSe NPLs have higher molar 
extinction coefficient than the spherical quantum dots, the molar extinction coefficient 
increases with increasing lateral dimensions of the NPLs.
48
 Hence, in terms of light 
absorption, the colloidal NPLs would be advantageous over the nanospheres, especially 
when the photocatalytic reactions are considered. Moreover, the extent of charge carrier 
separation in the hybrid structure depends on the final morphologies; therefore, it would be 
of high interest to see how the electrons and holes are spatially separated upon photo-
excitation after the selective growth of noble metal domains on the NPLs. In this context, it 
is highly relevant to develop new approaches to synthesize metal decorated hybrid NPLs 
and to compare their catalytic activity with the existing hybrid materials.  
Overall, the thesis is dedicated to develop and optimize the process of aerogel formation 
from shape controlled noble metal NPs and newly invented II-VI metal-chalcogenide 
NPLs, since the shape control will bring certain crystal facets all over the surface of the gels 
which would be suitable e.g., facet selective catalytic reactions. Moreover, the gels from the 
semiconductor NPLs will exhibit tunable optical properties, which would be suitable for 
sensor based applications. The other goal is the development of metal-semiconductor 
heteronanoplatelets by growing noble metal domains on the CdSe and CdSe/CdS NPLs and 
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to investigate the morphologies, metal nucleation behavior charge carrier separation on the 
flat surface of the NPLs. 
1.3 Nanoparticles Properties 
The properties of the NPs strongly depend on their material compositions and also on the 
size and shape. For example colloidal solution of Au NPs appears as deep red, Ag NPs 
appear as deep brown. Moreover, the Au NPs melt at much lower temperature ~300°C (for 
2.5 nm size whereas, the bulk gold slabs have a melting point of 1064°C.
49
 There are many 
interesting properties of the NPs due to their high surface to volume ratio such as high rate 
of particle diffusion, low temperature sintering, superparamagnetism etc. In the following 
sections, the properties of the semiconductor, metal NPs and metal-semiconductor hybrid 
are described in details.  
1.3.1 Semiconductor Nanoparticles 
Quantum Confinement Effect 
The word ‘confinement’ means to restrict the motion of the randomly moving electrons in 
specific energy levels, and the word ‘quantum’ reflects atomic realms of particles. When 
the size of the semiconductor material decreases, the bandgap increases and the energy 
levels of the system become more discrete.
50-51
 In nanometer scale, the energy levels are not 
continuous anymore; rather discrete energy levels develop. The average distance between 
the electron and the hole is called exciton Bohr radius. In general, if the size of a 
semiconductor particle in any of its dimensions is smaller than the exciton Bohr radius, then 
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it can be said that the particle is quantum confined and the quantum mechanical model of a 
particle-in-a-box can be employed as an approximation.  
The change in the bandgap energy with decreasing particle size is sketched in Figure 1. It 
can be seen that with decreasing size of the particles the bandgap increases i.e. the small 
particles have larger bandgaps than the big particles.  
 
Figure 1. Schematic drawing of bandgap variation of the semiconductor materials. 
With the decreasing size of the particle, the bandgap increases and in molecule the 
bandgap become distinct. It should be noted that the changes in the conduction band 
(CB) and the valence band (VB) are most cases not symmetric but depend on the 
effective mass of the electron and the hole.  
For larger particles, the bandgap become smaller and gradually approaches the value of the 
bulk bandgap. This so-called quantum confinement effect can be explained theoretically 
Excitation (absorption)
Emission
En
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considering two approaches. One is the linear combination of atomic orbital (LCAO) theory 
and the other one is the solid state theory. In LCAO theory n number of atomic orbitals 
(having same symmetry and with similar or the same energy) by linear combinations will 
form n number of molecular orbitals. In the case of a bulk solid material, n is very large and 
the bandgap of the material become constant, but in the case of NPs, this will critically 
depend on the particle size. This effect is referred to as size quantization effect. The other 
approach is the solid state theory which considers the effective-mass approximation 
principle. In comparison to the solid, in the NPs the charge carriers are constricted by the 
outer limits of the NP which is acting as potential wall (similar to the model of the particle-
in-a-box approximation, the potential outside the NP is considered to be infinite). The 
model of effective mass approximation takes into account the fact that a crystalline solid 
has no constant potential, rather a periodical oscillation happen (a crystal consists of a 
periodic arrangement of atoms). In such cases, one cannot consider the rest masses as 
masses of the charge carriers; instead one should consider the so-called effective masses. 
Scientist Brus for the first time gave the theoretical calculation (equation 1) for the bandgap 
of the nano-sized semiconductors considering the effective mass approximation.
52
 In this 
approximation an exciton (electron hole pair) is considered to be confined in a spherical 
volume of crystallite.  
       
  
   
 
 
  
  
 
  
   
      
       
    (1) 
where,    : Bandgap energy of the nanocrystal,    : Energy of the bandgap in bulk ,  : 
Planck's constant,  : Particle size (radius of quantum dot),  
 : effective mass of the 
electron,  
 : effective mass of the hole,  : electron charge,   : relative permittivity,   : 
permittivity of vacuum. 
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Later on the electron–hole attraction is taken into account and the Brus equation is 
modified. The modified Brus equation can be represented as equation 2. 
       
  
   
 
 
  
  
 
  
   
      
       
                 (2) 
where,        is Rydberg energy. 
Optical Transitions in Nanocrystals 
Quantum confinement effects have great influence on the absorption spectra of quantum 
dots (QDs). An example is illustrated in Figure 2, which shows the absorption spectra of 
CdTe QDs of different sizes. It should be noticed that in the strong quantum confinement 
regime the energy spacing between the discrete levels with different quantum numbers is in 
the order of hundreds of meV, and therefore optical transitions between these levels can be 
clearly resolved in the optical absorption spectrum.
51
 It can be also noticed that with 
decreasing size of the CdTe NPs, the absorption maximum shifts to higher energy regime. 
The lowest energy optical transition can be assigned to the 1Sh to 1Se transition (where, h 
denotes the hole and e denotes the electron), the second transition to 1Ph to 1Pe and the third 
transition from 1Dh to 1De. It is important to note that the exciton Bohr radius (a0) provides 
a very convenient length scale to evaluate the impact of quantum confinement on the 
properties of semiconductor materials. It can be correlated that when the bandgap is more 
narrow, the exciton Bohr radius is larger. For example PbSe nanocrystals having Eg of 
2.26 eV the a0 is 46 nm while in case of CdSe with Eg 0.26 eV the a0 is 4.9 nm. 
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Figure 2. Upper panel absorption spectra and the photographs of the CdTe 
nanocrystals of different sizes. Lower pannel (a) illustrates the electronic transitions 
(b) assignment of the electronic transions to the respective absorption bands in 
relation to the energy from reference 51. Reprinted with permission from Springer.  
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Quantum confinement has also strong effects on PL emission of the nanocrystals.Upon 
photoexcitation the electrons are excited to the upper electronic states and when the 
electrons relaxed to ground energy state they emit energy (equivalent to the band gap) in 
terms of photons. The emission energy depends on crystallite size, with increasing size, the 
PL emission is shifted to low energy regime and vice versa. 
Effects of Different Shapes 
In the above discussions only spherical QDs are considered where the exciton is confined in 
a zero dimensional spherical potential well. However, colloidal semiconductor nanocrystals 
can have different (considering geometry) zerodimensional shapes e.g., cubic, tetragonal, 
pyramidal or one dimensional e.g., nanorods, nanowires and two dimensional e.g., 
nanoplatelets, nanosheets, quantum wells etc. Those shapes can also acquire quantum 
confinement effect if the dimensions are smaller than the average exciton Bohr radius (a0). 
Of course the extent of quantum confinement may varry in the different dirrections 
depending on the shapes and sizes. Therefore, if any two dimensions are smaller than the a0, 
then the particle will experience two dimensional quantum confinement and this is 
generally observed in quantum rods. In the case of the NPLs the excitons are confined only 
in one dimension, that is in the thickness direction.
51
 A schematic drawing demonstrating 
the energy level structures of the semiconductors with respect to the density of states is 
shown in Figure 3. The density of states describe the number of states that are available in a 
system and is essential for determining the carrier concentration and energy distribution of 
the carriers within a semiconductor. 
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Figure 3. Schematic illustration of the density of states (DOS) with respect to energy 
level of semiconductor nanostructures with reduced dimensionality (3D, 2D, 1D and 
0D indicate three, two, one, or zero-dimensional, respectively). The exciton Bohr 
diameter is represented by the sphere from reference 51. Reprinted with permission 
from Springer. 
Cadmium Based Semiconductor Nanoparticles 
Probably the most investigated metal-chalcogenide semiconductor system is CdSe, which is 
a n type II-VI semiconductor. Apart from CdSe; CdS, CdTe NPs are also well known in 
literature due to their unique optoelectronic properties.
50, 53-55
 The bandgap of bulk CdSe is 
~1.74 eV.
56
 CdSe particles in nanometer scale shows quantum confinement properties, 
where the bandgap of the particles can be tuned by variation of the diameter of the 
particles.
56
 Different shapes of the CdSe nanocrystals starting from spherical quantum dots, 
nanorods, nanowires, pyramids, tetrapods, octapods, to multipods are known in literature.
56-
57
 The optical properties of the particles also vary with shape variation. Because of their 
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highly tunable optical properties, CdSe NPs are highly promising material in the fields of 
photovoltaic, solar cell, LEDs, quantum computing, medical imaging, water splitting etc. 
The most commonly employed technique to synthesize high quality CdSe NPs is the ‘hot 
injection method’ (see section 1.4), where the NPs (capped on their surface with organic 
surfactant) are dispersed in organic or aqueous solution after synthesis.
54-55
 The reaction 
parameters, such as precursors, organic ligands, temperature and reaction time have strong 
influence on the properties, size and shape of the CdSe NPs.
54, 58
 Specific ligands are 
absorbed on selective facets of the nanocrystals and monitor the growth of the crystals in 
certain direction to obtain various shapes e.g., nanorods,
59
 nanowires,
60
 octapods,
61
 
tetrapods,
62
 multipods,
63
 pyramids etc.
56
. Figure 5 represents the TEM images of the Cd 
based NPs of three different shapes. Suitable choice of reagents and reaction conditions 
could lead to very high (> 90%) PL quantum yield (PLQY, which is defined as the ratio of 
number of photons absorbed by the system and the number of photons emitted). The 
properties of CdE (E = Se, S and Te) NPs can even be modified by the growth of a shell of 
another material (e.g., over growth of CdS or ZnS or PbS on CdSe QDs) on the previous 
one via so called ‘seeded growth’ technique.57, 59 The CdSe/CdS core/shell nanospheres and 
nanorods are important members of this family with high application possibilities. The 
anisotropic layer of CdS on CdSe not only increases the PLQY of the NPs but also provides 
better stability and functionalities which cannot be simply observed in one material. The 
seeded CdSe/CdS nanorods are highly interesting for their high PLQY and suitable 
bandgap alignment (type I) which enables strong light absorption in the UV-vis regime and 
are finding interesting applications in photocatalysis.
30, 43
 In the past two decades, enormous 
development has taken place in this arena regarding the synthesis, structural modifications, 
and application possibilities of these Cd based nanocrystals which is virtually 
unmanageable. 
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Figure 5. Different shapes of cadmium based NPs. (left) Spherical CdSe/CdS 
core/shell QDs (middle) CdSe/CdS core/shell nanorods, (right) CdTe tetrapods (from 
reference 64) having four arms. (CdTe tetrapods) Reprinted with permission from 
Nature publishing group.  
Within the limited scope of this thesis, in-depth discussions regarding the diverse synthesis 
techniques, properties and applications of the cadmium based NPs are not included. For 
more in-depth knowledge readers are encouraged to consult the following articles (28, 54-
55, 64-69). 
Cadmium Based Nanoplatelets 
Cadmium based nanoplatelets or nanosheets (or even sometimes called quantum wells) are 
the new members of this family of II-VI metal-chalcogenides, where the excitons are 
strongly confined in the z direction. In 2006, Hyeon and co-workers for the first time 
reported the synthesis of CdSe nanoribbons at much lower temperature (at 70°C) 
employing cadmium chloride alkylammonium complex and selenocarbamate as the 
precursors.
70
 The nanoribbons exhibit wurtzite crystal lattice structure with a length which 
can reach few hundreds of nanometer, width of 10-20 nm and a uniform thickness of 
1.4 nm. Due to the large lateral dimensions, the nanoribbons normally form aggregates and 
are not stable in colloidal solution. It was also reported that the cadmium chloride 
alkylammonium complex forms a lamellar structure in solution which in turn serves as a 
CdSe/CdS  QDs CdSe/CdS  QRs CdTe  tetrapods
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mold for the formation of the CdSe nanoribbons. The nanoribbons with hexagonal structure 
grow along the [001] axis or c axis, their width is along [110] and the thickness is in the 
[110] direction. The crystal structure of wurtzite nanoribbons are elaborately explained in 
the following section. Slight variation of the synthesis parameters yields CdSe nanosheets, 
which are nanoribbons with a larger width ~100 nm and can be dispersed in colloidal 
solution.
71
 The synthesis technique of Hyeon et al. was adopted for many other systems 
such as CdTe,
72
 Mn
2+
 doped CdSe nanoribbons,
73
 CdSe quantum belts
74
 etc. The quantum 
belts are structurally similar to the nanoribbons; their first two electronic transitions are 
attributed to the light-hole electron and heavy-hole electron transitions as is proposed in the 
case of zinc blend NPLs. 
In 2008, Ithurria et al. have reported for the first time the synthesis of zinc blend 
rectangular, quasi 2D CdSe NPLs, where the thickness can be controlled at atomic level.
32
 
Detailed synthesis procedure is described in section 4.2. In this synthesis, the lateral 
dimensions of the NPLs can be tuned from few nanometers to few hundreds of nanometer. 
The colloidal solution of the NPLs with lateral dimensions < 100 nm are stable. The 
thickness of the zinc blend NPLs can also be tuned in atomic levels. 
The absorption spectra of the NPLs show discrete electronic transitions and very sharp PL 
emission. The emission peak width full width at half maximum (fwhm) measured is 
< 10 nm, which is much narrower than the 0D nanospheres or 1D nanorods. The Stokes 
shift between the first extinction peak and the emission maxima is < 10 meV, which is also 
never observed in the case of quantum dots or nanorods.
32
 Soon after the development of 
CdSe NPLs, these methods were successfully adopted for other types of CdE (E = Te, S) 
NPLs preparation with thickness controllable over 3 to 11 monolayers.
75
 The monolayer 
thickness of the NPLs can be distinguished by measuring UV- Vis absorption and PL 
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emission spectra (e.g., 3 monolayer thick CdSe NPLs have sharp emission peak at 463 nm, 
for 4 and 5 monolayer at 513 nm and at 551 nm, respectively).
76
 Very recently, the 
synthesis of anisotropic core/shell or core/crown NPLs are also reported by growing CdS 
either to the top and bottom surface of the pre-synthesized CdSe NPLs (for core/shell) or by 
growing only in the lateral dimensions of the NPLs, where the thickness do not alter upon 
CdS growth (for core/crown).
77-80
  
 
Figure 6. Optical properties of CdSe and CdSe/CdS core/crown NPLs of only 5 ML 
thickness. Five monolayers thick CdSe NPLs have strong emission maximum at 550 
nm. After the CdS crown growth surrounding the edges if the CdSe NPLs, the 
emission peak shift to 557 nm. The strong absorption band offset of CdS can be seen 
at 430 nm. The NPLs have very sharp emission peak with fwhm 10-11 nm.  
The optical properties of these NPLs are shown in Figure 6. After the growth of the CdS 
crown on CdSe core NPLs, the CdS absorption band appears at 430 nm and the PL 
emission peak is shifted only by 7 nm towards higher wavelength regime, which in turn 
indicate the growth of CdS only in the lateral dimensions of the core CdSe.
77
 Later on 
cation exchange approach was utilized on CdSe/CdS NPLs for the preparation of core/shell 
ZnSe/ZnS and PbSe/PbS NPLs.
81
 The fascinating optoelectronic properties of the NPLs 
have attracted tremendous attentions of the researchers and as a results in last few years 
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many publications have come out regarding the optimization of the synthesis conditions or 
the application of the NPLs in various fields such as room temperature lasing,
82-83
 field 
effect transistors,
84
 polarized light emission,
85
 phonon line emission
86
 and many more.
87-89
 
In the section below, the formation mechanism of the NPLs and the structural morphologies 
are discussed in details. 
Nanoplatelet Formation Mechanism  
 
Figure 7. Possible mechanisms for the CdSe NPLs lateral extension. The first step is 
the formation of the NPL seeds with dimensions < 2 nm from reaction of Cd and Se 
precursors. In paths 1 and 3, the lateral extension results from the self-organization of 
seeds that assemble only at the seed level or in patches, respectively. In path 2, the 
seeds form and extend laterally by continuous reaction of precursors. Photograph is 
reprinted with permission from 90. Copyright (2016) American Chemical Society. 
 The growth mechanism of the atomically thin NPLs is not yet perfectly understood. A 
possible mechanism, evaluated from the optical spectroscopic measurements by the 
Dubertret group is illustrated here in Figure 7.
90
 According to their analysis, during the first 
Introduction  
 
19 
course of the reaction, after the addition of the Se precursor, small clusters of CdSe form, 
which in turn rapidly associate on the existing small NPLs to extend it laterally as described 
in path 1. It is also possible that there is a continuous reaction of the precursors (Cd and Se) 
to the newly formed NPLs seed to form larger rectangular sheet as shown in path 2. Third 
possibility is that the small NPLs clusters are formed at the expense of the NPLs seed, then 
these clusters associates together to form the NPLs (path 3). 
 
Crystal Structure of the Nanoplatelets 
The NPLs can acquire two types of crystal lattice structure depending on the ligands 
employed to stabilize the particles. For example when octylamine or oleylamine is 
employed as the ligand, wurtzite crystal structure results and when oleic acid is employed 
as the capping ligand zinc blend crystals are formed.
79, 91
 It is proved with density function 
theory (DFT) calculations and molecular simulation that although wurtzite is the most 
stable polymorph of bulk CdSe, the NPLs synthesized in presence of acetate ligands, 
acquire zinc blend crystal lattice structure as the acetate covered surface has overall lower 
energy than the wurtzite ones.
92
 The crystal structures of both wurtzite and zinc blend NPLs 
are shown below in Figure 8. The flat surface of the wurtzite NPLs is (110) which is 
perpendicular to the [111] axis and for zinc blend NPLs it is (100) facets which is 
perpendicular to the [100] axis. The (110) facets of wurtzite NPLs is composed of 
stoichimetric ratio of trivalent Cd and Se atoms, whereas, the (100) crystal planes of zinc 
blend terminate with divalent Cd atoms. The tetravalency of the Cd atoms on the surface of 
the wurtzite NPLs are satisfied with monodentate amines, whereas bi-dentate carboxylate 
ligands form chelate complex with the divalent Cd atoms present on the surface of the zinc 
blend NPLs.
91
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Figure 8. Crystal structure of wurtzite and zinc blend CdSe NPLs. The flat surface 
(110) of the wurtzite structure ends with trivalent Cd and Se atoms whereas, the flat 
surface (100) of the zinc blend NPLs terminates with bivalent Cd atom. Reprinted 
with permission from reference 91. Copyright (2012) American Chemical Society. 
1.3.2 Metal Nanoparticles 
Surface Plasmon Resonance  
The optical properties of many metal nanostructures in the visible region are dominated by 
absorption and scattering due to the occurrence of localized surface plasmon resonance, 
which is caused by collective conduction band electron oscillation in response to the 
electrical field of the incident light irradiation.
93
 When the frequency of the oscillation and 
the frequency of the light match, plasmon resonance can be excited. Particles acquiring a 
negative real and small positive imaginary dielectric constant are generally capable of 
supporting surface plasmon resonance (SPR).
94
 A schematic illustration of the interaction 
of the metal NPs with electromagnetic waves is shown in Figure 9. In 1908, Gustav Mie
95
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found the exact solution to the Maxwell equations for the optical response of a sphere of 
defined size which is immersed in a homogeneous solution and subject to a plane 
monochromatic wave. When the size of the particle is much smaller than the wavelength of 
the light, the particles experience a field which is spatially constant with a time dependent 
phase, which is known as quasi static range. 
              
    
       
        
                  
          
  
 
 
     
       
        
 
 
                    
 
Figure 9. Light induced collective charge carrier density oscillation in metal 
nanoparticles. Here, the electric field is considered to be homogeneous over the 
particle volume, and the carriers are restricted within the surface boundary of the 
NPs. 
Within this range the displacement of the charges in the spheres is homogeneous, yielding a 
dipolar charge distribution on the particle surface. This means the electromagnetic field is 
similar in each point of one particle and there is no deviation over the particle volume. 
Therefore all volume units are excited by the electromagnetic field (light) simultaneously, 
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which oscillates itself over the time. Within this electrostatic approximation, the absorption 
and scattering cross section of a spherical particle can be calculated (shown in reference 
96). Where,      and      are the absorption and scattering cross section, respectively,   is 
the frequency,   is the wave number,   is the radius of the sphere,    dielectric constant of 
the solution,   is the dielectric constant of the particle. The complete derivation of the 
equation 3 and 4 can be found in this reference 96. From this equation one can predict the 
position of the plasmon absorption for spherical metal NPs. According to this equation 
if          , the condition for LSPR will be satisfied. This is to be noted here, that 
these quasi static approximation is not valid for larger particles and different shapes of the 
particles. Also it can be seen from these equations that in the quasi static regime no size 
dependence of the plasmon position exist. Additionally, the dielectric constant for the 
extremely small particles is not constant; it varies with the size of the particle. Hence for 
larger particles of different shapes and compositions, one needs to take into account lattice 
mismatch, polycrystalinity as well as damping effects for describing the LSPR.  
Facet Selective Catalysis Reaction 
Metal NPs expose low index crystal facets depending on the shapes. For example 
octahedral, cubic and rhombic dodecahedral nanocrystals are bound by (111), (100) and 
(110) low-index facets, respectively. Facet selective catalysis reactions can be appraised 
more accurately if there are only a single set of crystal facets available in the NPs. In Figure 
10 a schematic diagram of different shapes of polyhedral bound by different crystal facets 
is shown. EI-Sayed and coworkers investigated the facet dependent catalytic activity of the 
Pt NPs with varied shapes for electron transfer reaction between hexacyanoferrate and 
thiosulfate.
97-99
 It is proved that for this type of reactions, the tetrahedral Pt NPs containing 
(111) crystal facets exhibited better catalytic activity than the (100) faceted Pt nanocubes.
98
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Figure 10. Schematic diagram of different shapes of polyhedral with differently bound 
crystal facets. Photograph is reprinted with permission from reference 100.Copyright 
permission (2015) Royal Society of Chemistry. 
Later on Somorjai et al. conducted a comparative study of the catalytic activity of different 
shapes of Pt NPs during hydrogenation reactions. It was observed during the hydrogenation 
of benzene, cyclohexane was the major product when (100) facted-Pt nanocubes were 
employed as catalyst, but a mixture of cyclohexene and cyclohexane was obtained when Pt 
cuboctahedra bound by (100) and (111) facets were employed as catalyst. 
101
 Yeager et al. 
reported that in oxygen reduction reactions also the different shapes of Pt NPs show a 
decreasing order of catalytic activity in the sequence of (110) > (111) > (100).
102
 Also, Pd 
NPs enclosed by different crystal facets are known for hydrogenation, Suzuki coupling, 
oxygen reduction and formic acid oxidation reactions. For selective hydrogenation of 1,3-
butadine, (110) enriched Pd single crystals were found to be five times superior than the 
(111) facet exposed Pd.
103
 These differences in catalytic activity of different facets are in 
general attributed to the preferential adsorption of the reactant molecules on certain type of 
facets. Hence, it can be concluded, that the synthesis of metal NPs bounds with certain 
single crystal facets are useful for facet selective catalytic reactions. More details regarding 
the catalytic activity of the shape controlled metal NPs, readers are encouraged to see the 
review reference 100. 
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1.3.3 Metal-Semiconductor Heterostructures 
The combination of metal and the semiconductor material in the same NP generates hybrid 
structures where the properties of both can be manipulated in the same material. 
Photoexcitation of such hybrid materials causes charge carrier separation at the metal-
semiconductor interface, where the holes remain at the semiconductor and the photo-
excited electrons are transported to the Fermi level of the metal domains. By virtue of this 
charge carrier (electron-hole) separation, the hybrid materials are highly promising as 
catalysts for photocatalytic reactions (e.g., organic dye degradation, pollutant degradation) 
or in photocatalytic H2 fuel generation through water reduction reactions.
 23,25,27,35
 Various 
synthetic approaches starting from thermal reduction, photo-induced reductions to UV light 
assisted metal deposition are the commonly employed techniques among others which have 
been developed by the researcher to produce hybrid structures with different structural 
morphologies. In literature many possible combinations of these two components (metal 
and semiconductor) have been exclusively reported in the past decades.
30, 104
 In earlier 
cases, Au, Ag, Cu and Pt metal islands were grown on semiconductor NPs such as ZnO, 
Fe2O3 or TiO2.
105-108
. The drawbacks in these systems are the limited control over the shape 
and size of the semiconductors as well as the location of the metal domains. Regarding the 
hybrid structures of II-VI semiconductor, Banin’s group for the first time in 2004 has 
developed synthetic strategies to grow Au domains on CdSe nanorods and tetrapods.
109-110
 
In this report, Au domains were found to be present selectively at the apex of the nanorods 
and the tetrapods. Afterwards, this route was followed for other different shapes and 
compositions of metal-chalcogenide. Synthetic techniques are not only limited to grow Au 
but also have been extended to other noble metals such as Ag, Pt, Pd, Ni, Co or even 
combination of two or more than two metals or semiconductors in the same segment e.g., 
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CdSe-Au/Pt,
111-114
 CdS-Au,
115-116
 CdSe/CdS-Au/Pt/Pd/Co/Ag.
65, 117-119
 In some cases, metal 
domains can be directed to grow site-selectively on the semiconductor, those structures are 
particularly interesting because here the holes and the electrons can be separated with a 
definite spatial distance which in turn reduce the chances of recombination.
120
 Epitaxial 
growth of the metal domains on the semiconductor is useful in fabricating nanoscale 
devices, but the process is challenging because of the lattice mismatch between the metal 
and the semiconductor components. In 2010, the group of Manna has been successful to 
grow Au domains epitaxial on CdSe nanorods by thermal annealing using the electron 
beam of the TEM. Apart from the fundamental study of the optoelectronic properties of the 
hybrid structures, a great deal of research has also been dedicated for various promising 
future applications such as H2 generation, water splitting, dye degradation, electrical 
transport properties.  
In this context, it is to be noted that the growth of noble metal domains on newly invented 
quasi 2D NPLs has not been investigated before the starting of this thesis. The NPLs with 
large flat surface might lead to different structural morphologies and optical properties. 
Also, theoretically the NPLs exhibit large specific surface area and high molar absorption 
coefficients and hence would likely be advantageous over their nanorods or quantum dots 
counterpart and could lead to better photocatalytic performance. Therefore, a new synthetic 
technique is developed to grow noble metal domains on CdSe and CdSe/CdS NPLs and in-
depth characterizations of the morphologies have been performed with TEM and TEM 
EDXS analysis. The results of these experiments are elaborately described in section 4.2 
and 4.3. 
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Optical Properties of Nanoheterostructures 
After the metal domain growth on the semiconductor the optical spectrum (namely 
absorption, emission, PL excitation) changes significantly. The spectra of the hybrid 
particles are not the simple sum of those of the individual components, rather it might be 
considered as the formation of new electronic states at the metal-semiconductor 
interface.
121
 It was observed in the case of matchstick like core/shell hybrid structure that 
the coherent and incoherent interactions between the metal and the semiconductor lead to 
broadening and shifting of the first electronic transitions.
115
 In the case of Au domain 
growth on CdS nanorods, the plasmon peak of Au was found to be shifted from 527 nm to 
538 nm, which was explained by considering the polarizability and electrodynamics 
interactions between the two components (for details see reference122). In most of the 
cases, after the metal domain growth the absorption spectra become broader.  
The fluorescence of the semiconductor system may be enhanced or quenched after the 
metal domain growth. The enhancement of fluorescence strongly depends on the distance 
between the two components, nature of the interface and also the extent of spectral overlap 
of the surface plasmon resonance and the emission spectra. For example CdSe/ZnS NPs 
when adsorbed on a Ag/SiO2 core/shell structure, an enhancement of the fluorescence 
intensity was observed with increasing thickness of the silica shell.
123
 In cases when the 
metal domains are in direct contact with the semiconductor, the fluorescence is drastically 
quenched due to the charge transfer from the semiconductor to the metal domains. This 
effect is observed in most of the hybrid metal-semiconductor heterostructures. 
Introduction  
 
27 
Schottky Barrier between the Metal-Semiconductor Interface 
When a metal and a semiconductor domain are in contact with each other, a potential 
barrier appears at the interface of the two component which is known as Schottky barrier.
124
 
Schottky and Mott subsequently explained the mechanism of the barrier formation and also 
proposed a model for the calculation of the barrier height and also the shape of the barrier. 
Although numerous research works have been dedicated on this matter still the 
understanding of the metal-semiconductor junction is not complete probably due to the 
process dependent character of the junction. The ideal diagram for the schottky contact 
formation between a n type semiconductor and the metal where Φm > Φs (where Φm and 
Φs are the work function of the metal and the semiconductor, respectively) is shown in 
Figure 11. The work function of the metal can be defined as the energy required, raising 
one electron from the Fermi level to the vacuum level. The work function of semiconductor 
is also defined similarly and is a variable quantity depending upon the doping of the 
semiconductor. According to this model the barrier generates due to the differences 
between the work functions of the two substances. The work function Φm has a volume 
contribution and a surface contribution. The parameter χs which is the electron affinity, 
defined as the energy difference between vacuum level and the lower edge of the 
conduction band,    and    are usually expressed in eV. In case of pure semiconductor 
there are no band bending because there are no charges at the surface of the semiconductor. 
While in the case of metal-semiconductor hybrid structure, after the contact is made and the 
equilibrium is developed, the free electron concentration near the boundary region 
decreases as the electrons from the semiconductor move out into the metal to create the 
equilibrium. Since the separation between the conduction band edge (  ) and the Fermi 
level (  ) increases with decreasing electron concentration and in thermal equilibrium the 
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Ef remains constant throughout, the conduction band edge    bends up as shown in Figure 
11. 
The    band electrons which cross over into the metal leave a positive charge of ionized 
donors, so the semiconductor region near the metal get depleted of mobile electrons. 
Therefore a positive charge is established in the semiconductor side and the electron which 
cross over into the metal form a thin layer of negative charge in the metal (near the Thomas 
Fermi screening distance from the interface ≈0.5A°). Subsequently an electric field 
generates from the semiconductor to the metal. As the bandgap of the semiconductor and 
the electron affinity do not alter upon the contact establishment, the conduction band, 
valence band and the vacuum level undergoes bending at the same extent. 
 
Figure 11. Electron energy band diagram of metal, semiconductor and metal-
semiconductor hybrid materials forming Schottky junction. 
Therefore the barrier height    can be calculated from the difference between the    and 
   i.e.            and as        +    , therefore             where,    
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        and            . Where, q is electronic charge,    is contact potential 
difference or the built in potential of the junction. The foregoing discussions are only for a 
simple ideal contact between the n type semiconductor and metal with no net charge on the 
semiconductor. In practice the determination is more complicated.  
The schottky barrier generates after the metal contact on the CdSe, CdS semiconductors is 
described by Brucker et al. The Schottky barrier height between the Au and CdS or CdSe 
and the band bending was determined by in situ C-V and I-V analysis.
125
 For more 
information regarding this barrier formation readers are encouraged to see the references 
125-126. 
Photocatalytic Activity of Nanoheterostructures 
The band alignment of the hybrid system can be tuned by the proper combination of the 
semiconductor and the metal domains to match the reduction potential of the preferred 
redox system. The cadmium based hybrid structures are of high significance because of 
their improved charge carrier separation and reduced back recombination.
30, 43, 127-128
 The II-
VI metal-chalcogenide nanorods with a Pt/Au/Ni tip on their apex are found to be highly 
promising catalyst for photocatalytic H2 generation through photo-reduction of water.
45, 129-
131
 In recent reports, in certain cases, with a monochromatic light irradiation source near 
absolute conversion efficiency have been reported with CdSe/CdS nanorods with a single 
Pt tip as the catalyst.
10
 The metal domains which act as a co-catalyst also have strong 
influence on the photocatalytic activity. For example single Pt tipped nanorods are more 
effective than the double tipped rods, and less number of metal domains show better 
efficiency.
9, 132
 Not only the photocatalytic water splitting reactions but also the degradation 
of organic dyes has been performed using hybrid nanostructures with various 
compositions.
30
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Figure 12. Schematic drawing of the photocatalytic H2 generation by Ni decorated 
CdS nanorods. An apparent quantum efficiency of 53% was recorded. Upon photo 
excitation the excited electrons are transferred to the Ni domains, which further 
reduce H
+
 ions to produce H2 gas. Hydroxyl anion/radical serves as the redox shuttle 
and removes the photo-excited holes from the CdS nanorods and hence improves the 
efficiency. Photograph from reference 133. Reprinted with permission from Nature 
Publishing Group. 
A schematic drawing of photocatalytic H2 production by employing Ni decorated CdS 
nanorods is shown in Figure 12. 
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Therefore, metal–semiconductor hybrid nanostructures are highly important and have 
remained in the forefront of materials research. The growth of noble metal domains on the 
CdSe or CdSe/CdS NPLs which has been demonstrated later on this thesis are also 
subjected to the photocatalytic dye degradation as well as H2 gas generation reactions under 
UV-Vis light irradiation. A compelling apparent quantum efficiency of ~19.3% is observed 
for the Pt decorated CdSe/CdS core/crown hybrid NPLs with a turn over frequency of ~10
5
 
molecules of H2/hour/NPL. A detailed description of the reaction processes and the 
observed experimental data are shown in section 4.3 later in this thesis.  
1.4 Synthesis of Nanoparticles  
There are mainly two different approaches for the synthesis of NPs, one is the bottom up 
approach where NPs are formed mainly in colloidal solution by the assembly of the atoms 
and varying the physical forces on the nanometer scale e.g., by wet chemical synthesis,
134-
136
 and another one is the top down approach where macroscopic objects are turned down to 
the nanometer scale e.g., by laser ablation
34
 and attrition
137
 or milling.
136, 138
 The top down 
approach has many disadvantages like the poor control over the size, the shape and the 
composition of the resulting NPs. A frequently employed technique to obtain high quality 
nanocrystals is the wet chemical synthesis where by varying the physical conditions of the 
reactions such as precursors, ligands, temperature pressure, reaction time etc. a superior 
control over the particles size, shape and composition can be achieved.
139
  
The NPs employed in this work are synthesized by wet chemical approach or mainly using 
so called ‘hot injection’ synthesis technique.140 In this synthesis procedure, usually, 
pyrolysis, thermal decomposition or chemical reduction of the organometallic reagents 
happens at high temperature which forms the reactive species, called monomers, whose 
transient oversaturation leads to the formation of nuclei. After, the addition of the ‘cold’ 
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solution, the nuclei start to grow into mature nanoparticles by the incorporation of 
monomers, which are still present in the reaction media.
141
 The growth kinetics depends on 
several factors such as temperature, type of the coordinating solvent and co-surfactants etc. 
The shape control can be achieved by choosing suitable surfactants, which bind to certain 
crystal facets of the particles and promote directional growth.  
The setup is depicted in Figure 1. Typically, the precursors e.g., organometallic salts, 
surfactant and high boiling organic solvents are placed in a three neck round bottom flask. 
The middle neck of the flask is connected to the Schlenk line set up via a cooler, so that the 
environment of the reaction can be switched to argon or vacuum as desired.  
 
Figure 1. Experimental set up for hot injection synthesis of NPs. Precursors are placed 
in a round bottom flask with suitable surfactant and solvent. The temperature, 
pressure and the overhead environment of the reaction can be controlled precisely 
during the reaction. 
250 setTemperature
controller
Reagents
Temperature
sensor
Heating mantle
Mechanical rotor
Ar flow
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A temperature sensor which is connected with an external temperature controller is inserted 
into the reaction mixture by the help of a glass finger. The round bottom flask is kept on a 
heating mantle and the whole set up is placed on a mechanical rotor. If needed, the 
precursors can be also injected during the course of the reaction. After stipulated amount of 
time, the reaction is stopped by lowering the temperature or by removing the heating 
mantle. The product obtained is then separated from other by-products and excess ligands 
via centrifugation. Afterwards, the so-produced NPs, are dispersed in the polar or non-polar 
solvent. The exact synthesis conditions of the NPs under consideration are described in 
details in the consecutive sections later on. 
1.4.1 Semiconductor Nanoparticles 
For semiconductors, such as Si, Ge, which involves only one element, their synthesis is 
usually performed by reduction of a salt of the corresponding element, with suitable 
reducing agents. For example Si NPs can be obtained by electrochemical reduction of bulk 
Si wafer using hydrofluoric acid.
142
 In a typical synthesis of II-VI and III-V 
semiconductors, the desired cation and anion precursors are mixed in an appropriate solvent 
to produce the product of interest. The shape, size and composition of the final product 
strongly depends on various factors such as, precursor concentration, temperature, mixing 
rate, pH of the solution etc. Surfactant molecules are often employed to stabilize the NPs. 
These surfactants can even direct the growth along a particular crystal plane by blocking 
the other crystal planes (due to their adsorption on these planes) to produce shape 
controlled semiconductor NPs. In earlier synthesis techniques, semiconductor NPs have 
been synthesized in aqueous solution for example 1-thioglycerol capped CdS, where 
different amounts of 1-thioglycerol and H2S were added to a solution of Cd(ClO4)2.6H2O in 
water, followed by different heat treatments.
143
 Usually semiconductor NPs synthesized in 
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aqueous solution tend to have a high density of defects or trap states along with low overall 
PLQY. In recent time, synthesis of semiconductor NPs in organic solution has become 
popular, mainly because the synthesized particles have high quality (in terms of size and 
shape distributions), low density of defects and high PLQY. The II-VI metal-chalcogenide 
QDs, nanorods are generally synthesized in organic solution with high boiling solvents 
such as 1-octadecene, alkylphosphine oxides, oleylamine etc. using hot injection synthesis 
setup. At high temperature, the precursors are decomposed into corresponding atoms and 
then react to form the nuclei, which subsequently grow to form nanocrystals. The growth 
can be controlled by the co-ordinating solvent or surfactant molecules and can be monitored 
by measuring the UV-Vis spectra of the intermediate reaction aliquot. For example, for the 
synthesis of CdSe quantum dots CdO precursor is heated at 300°C in octadecene solvent, in 
presence of oleic acid, hexadecylamine (HDA) and trioctylphospine oxide (TOPO) as 
surfactants. At this high temperature, Se precursor previously prepared is injected in to this 
mixture.
53-54
 Rapid nucleation of CdSe happens immediately after the injection and the size 
of the particles increases with the reaction time. Later on ‘Seeded growth’ approach was 
invented to synthesize anisotropic CdSe/CdS semiconductor NPs of different shapes. Here 
the CdSe is prepared by above method is employed as ‘seed’, on which CdS is grown by 
sequential addition of Cd and S precursors to obtain so-called core/shell heterostructures.
55, 
57
 By controlling the amount of precursor injection and variation of the surfactants the shell 
thickness and the growth direction can be controlled very precisely. The quasi 2D CdSe and 
CdSe/CdS NPLs employed in this thesis are also prepared via hot injection synthesis. 
However, the semiconductor NPs synthesized in organic solution is not compatible for the 
biological applications involving aqueous environment. Therefore, to bring the QDs in 
aqueous solution, a number of strategies have been employed including ligand exchange, 
silinization or surface coating with silica. For details please see section 1.5. 
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Another popular approach for synthesizing semiconductor NPs is hydrothermal synthesis, 
which is based on reactions under high temperature and pressure and generally performed 
inside ‘autoclaves’. For example CdTe NPs with PLQY > 10% have been synthesized in 
aqueous solution based on the reaction between NaHTe and CdCl2.
144
 However, for the 
hydrothermal synthesis, there are many requirements for the starting material such as the 
accurately known composition, as pure as possible, as homogeneous as possible and as fine 
as possible. For the synthesis of metal oxide semiconductors such as ZnO, TiO2, Fe2O3 etc. 
hydrolysis reactions are carried out. Hydrothermal synthesis as described above is also 
often employed for metal oxide synthesis via gas phase method.
145
 
A special class of semiconductor material is the doped semiconductors, where a small 
amount of foreign material is intentionally introduced into the host semiconductor particles 
to influence its properties. For doped NPs synthesis, the method is only slightly altered with 
the main modification that the dopant element is introduced during the synthesis. 
1.4.2 Metal Nanoparticles 
Chemical synthesis of metal NPs usually involves reduction of metal salts or metal ions by 
suitable reducing agents in liquids. The synthesis of metal NPs involves two stages, 
nucleation (or seed formation) and growth of the nuclei. In the second stage, the capping 
ligands or the surfactant play an important role in determining size and shape of the 
resulting metal NPs.
146
 If the surfactants are weekly associated with the metal, then there 
will be little or no control on the size of the formed nanocrystals, which will continue to 
grow into large crystals or start to aggregate. However, if the surfactant is strongly 
associated with the metal, the size of the particles is controllable. In some reactions, the 
surfactants form micelle or reverse micelle and thus the size of the final NPs is 
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controlled.
134, 147
 The employment of two or more different types of surfactants is also 
common in metal NPs synthesis, which helps to obtain precise control over the shape of the 
metal NPs. In the case of citrate or similar reducing agents, the concentration plays an 
important factor. The initial ‘seed’ concentration will be determined by the amount of 
reducing agents employed, which in turn determines the total number of resulting NPs. For 
example, with small amount of citrate, there will be less number of seeds, leading to few 
numbers of large particle formation, and when the concentration is high, then large number 
of seeds are generated and the number of particles will also be large. 
Generally, as the particle size increases, the size dispersion becomes larger, which is not 
desirable for cases, where monodisperse particle formation is preferred. It is because 
nucleation and particle growth can overlap in time, the seed clusters continue to form, while 
the initial particles are growing. A solution to this problem can be the seed-mediated 
growth,
134, 148
 where small seeds are formed in the first stage and in the second stage more 
precursors are added with weak reducing agents (e.g., ascorbic acid), where the precursor 
ions will grow on the surface of the ‘seed’ and with no secondary nucleation. Seed 
mediated growth can be also used for controlling the shape of the metal NPs. One example 
is the generation of Au nanorods in presence of cetyltrimethylammonium bromide (CTAB). 
Here, CTAB binds to the surface radially, keeping the c-axis open, and allows growth in the 
axial direction. 
In addition, there are synthetic routes of metal NPs synthesis in organic solvent, where the 
particle shapes can be controlled precisely using organic surfactants (e.g., oleic acid, 
oleylamine etc.).
23, 97
 Here also the growth principle is similar to that of aqueous solution 
and the shape and size of the particles can be varied by varying the precursor concentration, 
amount and types surfactants and reducing agents, respectively. In this thesis, shape 
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controlled Pt NPs are synthesized in organic solution by employing Pt(acac)2 as the metal 
precursor, 1-octadecene as solvent, oleic acid and/or oleylamine as surfactant and Fe(CO)5 
as the reducing agents. A detail discussion on the synthesis procedure is described later in 
section 3.2. More information regarding the shape controlled metal NPs synthesis; readers 
are encouraged to see these references 97-99. 
The other methods to produce metal NPs include reduction of metal ions via various 
sources of radiation e.g., UV-vis light, microwave, radio frequency, sputtering, ultrasound 
or γ radiation.149 It should be noted here, that the NPs synthesized in these methods usually 
have broad size and shape distributions. 
1.4.3 Metal-Semiconductor Heteroparticles  
For the synthesis of metal-semiconductor heteroparticles there are many methods in 
literatures, which can be in general divided into two categories, first, the components (metal 
and the semiconductor) are prepared separately using the above described methods and then 
mixed together and secondly, both metal and the semiconductor precursors are introduced 
simultaneously to obtain the heterostructures. For example Au, domains are grown on TiO2 
anatase in a ultra high vacuum chamber via metal vapor deposition.
150
 Also Au domains 
were grown on Fe2O3 NPs at room temperature by mixing HAuCl4 solution in pre-
synthesized Fe2O3 NPs in presence of ascorbic acid as the reducing agent.
151
 There are also 
examples of Pt domain growth on CdSe nanorods by reducing PtCl4 in aqueous solution, 
where pH of the solution plays an important role to obtain ‘nanonet’ type morphologies.112 
In 2000, the work group of Banin, have reported the growth of Au domains on the apexes 
of CdSe rods and tetrapods. Here AuCl3 precursor was dissolved in toluene solution in 
presence of dodecylamine and didecyl di-methylammonium bromide (DDAB) complex. At 
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room temperature the solution of CdSe and Au precursor were mixed under stirring 
conditions to obtain the hybrid structures. Ostwald ripening also plays important role to 
control the metal domain size, i.e. sometimes larger metal domains are formed at the 
expense of many small domains after the preliminary growth of the metal domain on the 
semiconductor particles. It is also shown that by choosing right parameters for the 
reactions, metal domains can be grown selectively at the apexes of the nanorods even in 
some cases Au domains can be grown epitaxialy on the CdSe nanorods.
117, 152-153
  
In this thesis, new synthesis techniques are developed to obtain metal-semiconductor 
heterostructures by growing noble metal domains on CdSe or CdSe/CdS NPLs, for details 
see section 4.2 and 4.3. 
1.5 Phase Transfer of Nanoparticles 
Colloidal NPs synthesized in organic solution have many advantages regarding their optical 
and structural properties. The NPs are generally coated with hydrophobic ligands which 
brings stability in the colloids. However, the drawback here is the insolubility of the NPs in 
aqueous solution. In many cases such as biological labeling applications, water soluble NPs 
are desired. In order to have the synthesized NPs in aqueous solution, a phase transition 
from organic to aqueous solution is necessary. This is accompanied by ligand exchange 
reactions
154-156
 or via encapsulation of the particles into hydrophilic (e.g., silica
157-158
) or 
amphiphilic materials.
159
 In ligand exchange reactions, the hydrophobic ligands present on 
the surface of the NPs are replaced with thiol based (long chain or short chain) molecules 
(such as 3-mercaptopropionic acid), which have in general a carboxylic acid group at one 
end and thiol (-SH) group at the other end. After the ligand exchange the product is usually 
dispersed in basic KOH solution where, the carboxylate end (-COO
-
) interacts with water to 
provide the stability. The great advantage of this approach is the retention of the nanoscopic 
Introduction  
 
39 
functionalities of the NPs after the phase transition. Encapsulation of NPs with silica shell 
is a versatile method for phase transfer of the hydrophobic NPs. The silica coated particles 
are soluble in water or in buffer and have positive or negative charge depending on the 
surface functional group and pH of the solution.
157
 Amphiphilic polymer coating technique 
developed by Pellegrino et al. also helps to make hydrophobic CoPt3, Au, CdSe/ZnS and 
Fe2O3 water soluble.
159
 In this case, instead of replacing the surfactant from the surface, the 
hydrophobic tails of the polymer interacts with the ligands and form an additional coating. 
The water solubility of the NPs is ensured by the hydrophilic groups present on the outer 
part of the polymer.
159
 The reverse phase transfer i.e. the transfer of the particles from 
aqueous to organic solution is also achieved by ligand exchange (bi-dentate thiol based 
ligand)
160
 or by employing ionic liquid.
161
 
The phase transfer of the 1D and 2D cadmium based NPs such as nanorods or NPLs is 
recently reported by Kodanek et al. using short/long chain thiol and aminothiol ligands.
154
 
Interestingly, here the optical properties of the hydrophobic nanorods and NPLs are mostly 
retained in the aqueous solution after phase transfer.
154
 
1.6 Aerogels  
In general, ‘gel’ is defined as a substantially dilute cross-linked system, which exhibits no 
flow in the steady-state. Gels consist of 3D cross-linked network of a monomer or polymer. 
And by definition ‘aerogel’ is a synthetic porous ultra-light material derived from gel, in 
which the liquid component of the gel has been replaced with gas.
162 The aerogels are 
extremely porous, with low density and low thermal conductivity. The first aerogel is 
reported by Samuel Kistler in 1931 with a bet with Charles Learned to replace the existing 
liquid from the jellies with gas without having volume shrinkage.
163
 Kistler has been able to 
produce opalescent and transparent silica aerogels with extremely low densities by 
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employing supercritical drying with liquid CO2. In this drying process the temperature and 
the pressure of the autoclave, where the samples are emerged in a fluid, are raised to the 
supercritical conditions to avoid the direct phase transitions and thereby the fluid is 
converted to gas. Later the gas is released and the porous aerogels (the pores are filled with 
air) are collected from the chamber. The phase diagram of CO2 is presented in Figure 13. 
 
Figure 13. Phase diagram of CO2. At critical point, the distinction between the gas and 
the liquid phase disappear. By increasing the temperature and pressure of the 
autoclave supercritical conditions (>31.1°C temperature and >72.9 atm pressures) can 
be reached.  
The volume shrinkage is negligible with respect to the volume of the gel in liquid medium. 
Later this technique was successfully utilized in other systems such as alumina, chromia, tin 
oxide or carbon aerogels. Conventional drying of the gels under ambient conditions leads to 
significant volume shrinkage due to the capillary forces causing collapse of the structure. 
Further investigations have been carried out regarding the improvement and applicability of 
the aerogels derived from this pure or doped silica, alumina or other metal oxides and from 
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carbon. The properties such as excellent thermal insulation, low density and transparent 
nature of the silica aerogels has made them an important substance for the applications in 
e.g., Cherenkov radiators,
 65
 window insulation
164
 even in space technology.
165
  
 
Figure 14. Photographs of silica aerogels showing its physical properties such as i) 
extremely light weight, ii) optically transparent in nature iii) low thermal 
conductivity. Photographs are reprinted with permission from Wiley and Nature 
publishing group. 
The silica aerogels have the advantages of extremely low density, low thermal conductivity 
and transparent nature, which make them promising for applications in the field e.g., 
stardust collection, where silica aerogel acts as a filter for resisting the high velocity of the 
space dust and to captivate it. Silica aerogels are also employed as window insulation,
164
 
Cherenkov radiator, where it replaces gases under high pressure.
166
 Apart from that 
nitrogen doped carbon aerogels are employed for oxygen reduction reactions,
21, 167
 aerogels 
from polyurea are employed to soak oil from water.
168
 Owing to their exceptional specific 
surface area, and very high porosity the aerogels from noble metal NPs have high 
application possibilities in heterogeneous catalysis, electrocatalysis, hydrogen storage and 
sensor systems.
17
 Pd aerogels are employed for the fabrication of membrane less glucose/O2 
bio-fuel cell which are found to be more effective than the conventional catalyst.
16, 169
 The 
semiconductor quantum dot aerogels (CdTe) are also finding applications in the field for 
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example biosensors, fluorescent probing.
170
 CdSe aerogels have been employed as a sensor 
for optical detection of triethylamine.
171
 
The employment of the metal-chalcogenide and noble metal aerogels in an industrial level 
needs further improvement regarding the stability of the system under mechanical stress. 
The filigree network of the NPs broke down easily under external pressure. Therefore, 
research focused on the durability of the aerogels is necessary. In a recent report from 
Eychmüller group, it has been shown that the infiltration of the metallic aerogels in a 
polymer matrix increases the mechanical stability of the aerogel as the pores are filled with 
polymer matrix
16
. Although this technique keeps the high electrical conductivity of the 
connected network, but the porosity of the aerogels are suppressed. Taking into account the 
present intensive research work going on to optimize the synthesis conditions and to 
improve the stability of the aerogels, it can be predicted that in near future aerogels 
materials will be popular in our day-to-day life. 
1.6.1 Semiconductor Aerogels 
Before 2002, the main focus has been given to synthesize aerogels from different metal 
oxides and carbon or from selective organic compounds. Stephanie L. Brock and co-
workers from Wayne state university had the idea to employ the supercritical drying 
technique to produce aerogels from the gels of metal-chalcogenide semiconductor 
nanomaterials reported by Gacoin et al.
33, 172
 They came with an exciting report of 
formation of highly porous, extremely light weight aerogels from various systems such as 
CdS, CdSe, ZnS and PbS. The aerogel monoliths had the densities of 0.07 g · cm
-3
 (which 
is only 1.4% of the bulk CdS density) and exhibited specific surface area as high as 
250 m
2
 · g
-1 
with average pore diameter ranging from 15-45 nm.
18, 173
 Unlike the silica 
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aerogels the whole network structure was crystalline, and consisted of interconnected 
network of quantum dots building block which were assembled into pearl necklace-type 
morphology. The macroscopic monoliths of aerogels partially exhibited the quantum 
confinement properties of the initial NPs building blocks.  
 
Figure 15. The first metal-chalcogenide aerogel from CdS NPs. (left) when the gel is 
dried under ambient conditions, (middle) monolithic CdS hydrogel and (right) 
monolithic CdS aerogel obtained after supercritical drying. Photograph is from 
reference 18. Reprinted with permission from the American Association for the 
Advancement of Science 
The first metal-chalcogenide aerogel was obtained from CdS NPs as mentioned above.
173
 
Here, controlled destabilization was performed with few micro liter of diluted H2O2 
solution to produce the hydrogel (gel in water). Later on the hydrogel was transformed to 
aerogel by supercritical drying with liquid CO2. This method of fabrication of aerogels 
were adopted for other types of NPs such as CdTe
20
, CdSe
65
, CdS CdSe/ZnS etc.
19
 In many 
cases the high luminescent properties of the building blocks were partially retained in the 
ultimate aerogels e.g., CdTe and CdSe/ZnS.
174-176
 Not only the spherical quantum dots but 
also CdSe/CdS nanorods were employed as the building blocks for the aerogel synthesis 
(shown in Figure 16).
177
 Interestingly, here tip to tip connections of the nanorods helped to 
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form the porous network structure. The aerogels formed from the CdSe/CdS nanorods 
exhibited very high PLQY (> 29%) and ultra-long radiative lifetime (~56 ns).
177
  
 
Figure 16. Photographs of (A) hydrogels and (B) aerogels from CdSe/CdS nanorods 
under day light (top) and under UV light (bottom) irradiation. Hydrogels are obtained 
after controlled destabilization of the aqueous solution by means of H2O2. The PLQY 
of the gels decreases gradually with increasing content of H2O2 (left to right). 
Photograph is from reference 177. Reprinted with permission from Wiley VCH. 
At the starting of this thesis there was no report regarding the self-assembly of quasi 2D 
CdSe or CdSe/CdS NPLs into macroscopic porous aerogels. The NPLs have distinct optical 
characteristics, which cannot be achieved from quantum dots and nanorods as mentioned 
earlier in the section 1.3.1. Therefore, the aerogelation of these thin NPLs is highly 
interesting. Moreover, the NPLs exhibit solely (100) as the exposed crystal facets, hence 
formation of aerogels from these NPLs could lead to porous macroscopic structure with 
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(100) crystal facets, which would be highly suitable for facet selective catalytic reactions. 
Also, the questions regarding the optical properties, specific surface area, crystallographic 
structure, and orientation of the NPLs in the gels, exciton confinements have inspired us to 
study the aerogelation of the NPLs, which is presented in detail in section 2.2. 
1.6.2 Metal Aerogels 
The first report on the aerogel formation solely from the metal NPs is reported by Bigall et 
al. in 2009.
40
 The procedure employed in this case also was similar to that developed by 
Brock and co-workers.
34, 173
 Here, citrate stabilized colloidal solution of the noble metal Au, 
Ag and Pt NPs were employed as the building blocks. Hydrogels were achieved by the 
controlled destabilization of the system by the addition of ethanol or H2O2. Later the 
hydrogels were supercritically dried to convert them to porous aerogels. The photographs of 
the hydrogel and the corresponding aerogel are shown in Figure 17. The cross-linking of 
the individual metal NPs helps to form the porous 3D architecture. It should be noted that 
the surface plasmon resonance was not observed in the final aerogel morphology. 
Significantly, the aerogels exhibit very low densities of 0.016 g · cm
−3
 and specific surface 
areas of ~48 m
2
 · g
−1
. In comparison to the specific surface area of the metal-chalcogenides 
aerogels this is somewhat low. However, one has to keep in mind the high atomic weight of 
the noble metal elements while comparing the specific surface area. Furthermore, 
Eychmüller group has reported a variety of pure or mixed noble metal aerogels (such as Au, 
Pt, Pd, Ag or the binary and ternary combination of these elements) following the above 
procedure.
16-17, 21
 The highest specific surface area of ~92 m
2
 · g
−1
 was obtained from beta-
cyclodextrin modified Pd aerogels which show high activity toward electro oxidation of 
ethanol.
178
 They have also reported on the synthesis of highly porous beta-cyclodextrin 
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modified Au aerogels via direct reduction of the chloroauric acid with sodium 
borohydride.
179
 
 
 
Figure 17. First noble metal (A) hydrogel and (B) aerogel made from mixture of gold 
and silver NPS. (C) the elemental distribution of Ag and Au in the aerogel. 
Photograph is from reference 40. Reprinted with permission of Wiley-VCH. 
At the same time Leventis et al. have invented a new method for aerogel fabrication which 
involves process called ‘nanosmelting’ which is the reduction of the metal oxide to metal in 
presence of carbon.
180
 In this technique, first the metal oxides were gelated followed by 
pyrolysis to reduce the metal oxides to metal aerogels. Although in this process, the specific 
surface area could reach as high as 410 m
2
 · g
-1
, but the method is strictly restricted to metal 
oxides which are suitable for this pyrolysis reaction as well as the reduction by carbon at 
the end results in mixed aerogels.
180
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1.6.3 Metal-Semiconductor Aerogels 
Metal-semiconductor aerogels would be beneficial as they combine the synergistic 
properties of both metal and the semiconductor in a solid porous geometry. Regarding the 
multicomponent, metal-semiconductor mixed aerogels comparatively less attention has 
been paid so far. In one report, Au and CdTe NPs prepared separately, are mixed in 
different ratios and converted to aerogels via supercritical drying.
182
 Specifically, here the 
controlled destabilization was achieved by light induced oxidation of the surface thiol 
ligands. In the second report of multicomponent gel formation again from Au and CdTe 
NPs, cadmium ions were added into the mixture which formed complexes with the attached 
ligands and thus helped the hydrogel formation.
181-182
 However, in this method the 
interfaces of the metal and the semiconductor cannot be controlled as well as the metal 
domains were present randomly on the CdTe semiconductor NPs. For superior performance 
in catalytic reactions, selective noble metal growth with controllable morphologies is 
desired for the effective separation of the charge carriers. 
1.7 Aerogel Synthesis 
One classical method for the production of nanostructures is the sol-gel technique, in which 
the NPs are formed and aggregated via a series of hydrolysis and condensation reactions to 
form a wet gel type structure.
19, 33, 69, 172
 Once the wet gel is obtained, the solvent is 
exchanged with liquid CO2 followed by supercritical drying to obtain porous polymeric 
structure which is named as aerogel. Inorganic ‘sol-gel’ method is well known for the 
synthesis of metal oxide materials (SiO2, V2O5, TiO2, etc.). The process involves 
conversion of monomers (which acts as the precursor, named as ‘sol’) into an integrated 
polymeric network (which is termed as ‘gel’) formation. Thereafter the gels are heated at 
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much higher temperature or dried at room temperature to form a so-called xerogel.
172
 The 
oxide sol-gel process proceeds through a polymerization reaction which involves the 
hydrolysis of a molecular precursor followed by condensation through the formation of 
metal-oxide bonds. The details of the mechanism have been investigated for the silica 
particles and established as the model system.
183
 In the case of non-oxide materials 
successive reactions are required to ensure the bonding between the monomers in a 
controlled way, thereafter similar hydrolysis and condensation processes are followed. 
Gacoin et al. have demonstrated an example with CdS NPs capped with thiol ligands which 
were prepared via inverse micelles formation and arrested precipitation.
33, 172
 The gelation 
of these particles was observed after a long time exposure of the sol to the air under 
ambient conditions.
172
 After the removal of the ligands the particles started to aggregate 
through the active sites present on the surface. As the surface of the particles was slowly 
activated a random coalescence of the NPs lead to aggregate formation and thus made the 
sol-gel transition possible. The thiolate ligands can be easily oxidized by various oxidizers 
such as oxygen from air, H2O2, sodium periodate etc., which form either dithiol or 
sulphonate depending upon the experimental conditions. The kinetics of the gelation 
process and further aging of the gels were found to depend on many parameters. One of the 
specific parameter of the CdS gelation was the oxidized thiol fraction, which actually 
controls the number of the active sites on the surface.
172
 
Other Fabrication Techniques 
There are also reports on the fabrication of aerogels by exploiting cryogelation technique, 
where the aqueous solution of the NPs is subjected to freezing and subsequent freeze drying 
to obtain aerogels. Freytag et al. recently have reported a unique versatile method of 
aerogel fabrication which can be applied for a wide variety of materials such as metal, 
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metal oxide, semiconductor materials.
184
 In this technique the NPs building blocks were 
synthesized in aqueous solution or transferred to aqueous solution via ligand exchange 
reactions. The concentrated solution of the NPs was dropped into liquid N2 for fast 
freezing; subsequently the frozen object was subjected to freeze drying. It has been shown 
that during the fast freezing process, the NPs were highly pressed between the ice crystals, 
which helped to assemble them into sheet like structure. Later on the ice template was 
removed by sublimation process by employing freeze drying. The aerogels obtained in this 
method were porous, light weight and exhibit high specific surface area for catalysis 
reactions. Moreover, here the shape of the aerogels can be controlled as desired by using a 
template at the time of freezing. For more information relating the mechanism of 
cryogelation, readers are encouraged to consult the reference184.  
Another completely different method is employed by the group of Kanatzidis who 
demonstrated aerogels of germanium platinum sulfide (Ge4Pt2S9.6 and Ge4Pt2S8.7)
185
 and 
platinum tin selenide (Pt2.1Sn4Se9.7, Pt1.8Sn2Se5.7, Pt2SnSe4, and Pt1.4SnS4),
186
 where clusters 
of sulfide and selenide when bound to metal ions via co-ordinative reactions, assemble into 
gels. These materials have high internal surface areas (up to 327 m
2
·g
-1
) and narrow 
bandgaps of 0.2-2.0 eV.
187
 Although, this aerogels posses high specific surface areas and 
low density, the fabrication methods are complicated and based on multistep chemical 
reactions and purification. 
However, all the above existing processes of aerogelation are only applicable to the 
colloidal aqueous solutions of the particles and require time consuming ultrafiltration 
processes for concentrating the NPs solutions before starting the gelation experiments. In 
practice most of the shape controlled metal NPs are synthesized in organic solution and 
therefore the H2O2 induced destabilization reaction is ineffective to remove the surface 
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ligands. It is known that, metal NPs with distinct facets outside are suitable for facet 
selective catalytic reactions. Therefore, it is of high significance to develop a new method 
of aerogel preparation from shape controlled NPs, directly from colloidal organic solution 
to circumvent the time consuming phase transfer and ultrafiltration processes. Also 
fabrication of 3D network of noble metal NPs with distinct facets outside would be highly 
advantageous for many catalytic reactions to yield selective products. Hence, to address this 
concern a new synthetic strategy is presented in the section 3.2, where shape controlled Pt 
NPs is transformed to highly porous macroscopic aerogel with only (100) as the exposed 
crystal facets directly from colloidal organic solution. 
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2 Aerogels from Quasi 2D CdSe and CdSe/CdS 
Core/Crown Nanoplatelets 
2.1 Summary 
The newly invented colloidal NPLs of only few monolayer thickness exhibit fascinating 
optoelectronic properties due to very strong quantum confinement in the z direction. Self-
aggregation of these NPLs in organic hexane solution by means of a little amount of 
ethanol addition leads to needless type geometry which emits polarized light. But the self-
assembly of the NPLs into highly porous macroscopic solid state superstructure has not 
been investigated before. The following study presented in section 2.2, shows a new 
method to fabricate macroscopic 3D aerogels from the quasi 2D CdSe and CdSe/CdS 
core/crown NPLs. First the NPLs are synthesized in organic medium and then transferred to 
aqueous medium by using ligand exchange reaction. The hydrogels are obtained by 
controlled destabilization of the aqueous NPLs solution by means of H2O2 addition. The 
optimum gelation conditions are investigated by varying the amounts of H2O2 content. 
Thereafter, the hydrogels are converted to aerogels by supercritical drying. The optical 
properties of the hydrogels and the aerogels are evaluated by measuring the absorption, PL 
emission and PL decay time. Interestingly, the aerogels partially exhibit the quantum 
confinement properties of the initial colloidal NPLs. The interconnected network of the gels 
are investigated by means of TEM and SEM analysis, which proves that the NPLs are 
randomly oriented and connected edge-to-edge to form this porous structure. Moreover, the 
aerogels reported here have extremely low densities and very high specific surface areas in 
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the range of 189-219 m
2
 ∙ g-1. Furthermore, the aerogels exhibit mostly (100) as the exposed 
crystal facets all over the surface.   
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2.2 Photoluminescent Aerogels from Quantum Wells 
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3 Synthesis of Aerogels from Shape Controlled Pt 
Nanoparticles 
3.1 Summary 
This section 3.2 demonstrates the first report to synthesize aerogels from shape controlled 
metal NPs. The procedure developed works in organic colloidal solution. The aerogels are 
obtained directly from the organic colloidal solution of the Pt NPs. The study represents a 
unique route of aerogel preparation by alleviating the time consuming ultrafiltration and the 
phase transfer processes. In this study, the lyogels of Pt nanocubes and nanospheres (in 
hexane) are prepared by employing hydrazine monohydrate (N2H4 ∙ H2O) as the 
destabilizing agent. The lyogels are then transformed to highly porous macroscopic 
aerogels by supercritical drying with liquid CO2. The aerogels are characterized by TEM 
and SEM microscopy, which proves the 3D self-supported network, is built by the 
coalescence of the individual Pt NPs. It is also proved with high resolution TEM analysis 
that the cube aerogels exhibit (100) as the only exposed crystal facets, which could be 
useful for facet selective catalytic reactions. Moreover, the aerogels exhibit high specific 
surface areas in the range of 6400-7000 m
2
·mol
-1
. Furthermore, the aerogels derived from 
the cubes and the spheres are employed as catalyst for the asymmetric hydrogenation of 
keto-pantolactone. The results illustrate complete conversion of the reactants. An 
enantiomeric excess of 9% for the ‘D’ isomer is obtained when Pt nanocube aerogels are 
used as catalyst. The same is 5% when Pt nanosphere aerogels are employed as catalyst.  
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3.2 Highly Porous Aerogels from Pt Nanocubes and 
Nanospheres Directly from Organic Colloidal Medium  
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4 Noble Metal Growth on CdSe and CdSe/CdS 
Nanoplatelets 
4.1 Summary 
As described earlier in the section 1.3.3, the fabrication of metal-semiconductor hybrid 
structures by growing Au, Pt, Pd, Ag, Ni or Co metal domains on II-VI semiconductors is 
well known in literature. However, the study of these nanoheterostructures is limited so far 
up to 0D (QDs) and 1D (nanorods) materials. Regarding the fabrication of the 2D hybrid 
structures employing NPLs as the semiconductor, no report was documented. In this 
context, the synthesis of hybrid NPLs are thought-provoking and of high significance, in 
terms of metal nucleation behavior, structural morphology, charge carrier separation, 
colloidal stability and applicability.  
In the following two papers (sections 4.2 and 4.3), an in-depth study is dedicated to 
synthesize and characterize noble metal decorated CdSe and CdSe/CdS hybrid NPLs. 
Briefly, in section 4.2, the report describes the synthesis of Au, Pt and Pd decorated 5 
monolayer (ML) thick CdSe hybrid NPLs with various structural morphologies. Here, site 
selectivity of noble metal growth is achieved by varying the types of metal precursors and 
the reaction parameters such as temperature, reaction time and molar precursor ratios. 
Structural characterizations of the hybrid NPLs by means of TEM prove that three noble 
metals have completely different growth behavior toward 5 ML thick CdSe NPLs. In the 
case of Au, when the Au precursor amount is less (with respect to Cd amount), the quasi 
spherical Au domains are found only at the corners of the NPLs, while with increased Au 
precursor concentration, the big spherical Au domains are found to be present at the shorter 
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side edges of the NPLs. In the case of Pt growth, the small quasi spherical Pt domains are 
found all around the edges of the NPLs, with pearl necklace type morphology. 
Interestingly, after Pd growth, the metal domains are found in plane of the CdSe NPLs with 
quasi rectangular morphology and the domains are present only at the shorter side edges of 
the NPLs. The orientation (in plane or sandwich type) and the morphologies (spherical or 
quasi rectangular) of the metal domains on the CdSe NPLs are proved by tilting the TEM 
sample grid under the electron beam of the microscope. The metal growth behavior is also 
experimented by varying the molar precursor ratios (of Cd and noble metals) and also by 
performing a time dependent (where samples were collected after regular interval of time 
and investigated with TEM analysis) study. At the end of this section, a comparative study 
of the photocatalytic activities of the hybrid NPLs on the degradation of methylene blue 
dye under visible light illumination is presented. The results clearly indicate that these 
materials are promising as catalyst for future photocatalytic reactions. 
In section 4.3, the noble metal growth has been expanded to CdSe/CdS core/crown NPLs 
system. It has been shown that the metal nucleation behavior differs significantly when the 
CdSe core and the CdS crown dimensions are varied. Briefly, when the size of the CdSe 
core is very small, Au domains are found surrounding the edges of the NPLs, while in the 
case of NPLs with large CdSe core having small or large CdS crown, large Au islands are 
found at the middle of the NPLs together with small Au domains at the surrounding edges. 
Instead, Pt domains are only found at the surrounding edges of the NPLs, irrespective of the 
size of the CdSe core and CdS crown. The nucleation behavior of Au and Pt metals is also 
experimented by changing the sequence of the noble metal growth. For instance, Au 
domain growth on Pt decorated CdSe/CdS NPLs results in the formation of large Au island 
at the middle of the NPLs. On the contrary, Pt domain growth on Au decorated CdSe/CdS 
NPLs results in the formation of core/shell or alloy type morphologies. All the 
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unprecedented ternary and quaternary NPLs obtained are characterized by STEM-EDXS 
analysis to confirm the local distribution of the elements in the hybrid structures.  
In the second part of section 4.3, the hybrid NPLs are transferred to aqueous solution via 
ligand exchange reactions by employing 11-mercaptoundecanoic acid (MUA) and are 
subsequently tested for photocatalytic H2 gas generation reactions. Under the white light 
irradiation all the hybrids NPLs show better performance than the pure NPLs without any 
metal domains. The highest efficiency observed is ~19.3% in case of the Pt decorated 
hybrid NPLs with large CdSe core and large CdS crown. Furthermore, a detailed discussion 
is included to justify the observed differences in the catalytic activities and the possible 
ways to further improve the current observed efficiency. 
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4.2 Site-selective noble metal growth on CdSe 
nanoplatelets 
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4.3 Synthesis of Ternary and Quaternary Au and Pt 
Decorated CdSe/CdS Heteronanoplatelets with 
Controllable Morphology  
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1. Experimental Section. 
Reagents. Cadmium nitrate tetrahydrate Cd(NO3)2·4H2O (99.999%), cadmium acetate 
dihydrate Cd(OAc)2.2H2O (98.0%), sulfur powder S (99.98%), gold(III) chloride AuCl3 
(99%), platinum(II) acetylacetonate Pt(acac)2 (97%), sodium myristate (>99%), 
dodecylamine (DDA) (98%), 1-octadecene ODE (90%), oleic acid (90%), oleylamine (80-
90%), 11-mercaptoundecanoic acid MUA (95%), sodium sulfide Na2S (98 %), potassium 
hydroxide KOH (> 85%), ethanol (99.5%), toluene (99.7%), n-hexane (>=99%), acetone 
(>=99%) were purchased from Sigma Aldrich. Sodium sulfite Na2SO3 (97%) was 
purchased from Fisher Chemicals. Cadmium oxide CdO (99.99%), selenium powder 200 
mesh (99.999%) were purchased from Alfa Aesar. Tri-n-octylphosphine oxide TOPO 
(99%) and Tri-n-octylphosphine TOP (97%) were purchased from ABCR. 
Octadecylphosphonic acid ODPA (99%) and hexylphosphonic acid HPA (99%) were 
purchased from PCI Synthesis. Nitric acid (>69%) and hydrochloric acid (>37%) were 
purchased from Fluka. All chemicals were used as purchased without further purification. 
Synthesis of 5 ML Thick CdSe and CdSe/CdS Core/Crown NPLs. The 5 ML thick CdSe 
NPLs were synthesized following a synthesis route as described in previous reports.
[1]
 After 
the synthesis, the products were purified by centrifugation with a mixture of 
hexane/ethanol = 3: 1, and finally the dark red precipitate of CdSe NPLs were dispersed in 
3 mL of hexane. The synthesis was repeated several times to obtain a stock solution of Cd 
ion concentration 22 mM (determined from atomic absorption spectroscopy, AAS 
analysis). These NPLs were used as “seed” for the synthesis of CdSe(L)/CdS(S) and 
CdSe(L)/CdS(L) core/crown NPLs, following a procedure described in literature.
[1b, 2]
. 
Briefly, a mixture of 3 mL of CdSe NPLs (in hexane) together with 7.5 mL of ODE was 
degassed for 30 min at 100°C. Thereafter, under Ar flow, the temperature was raised to 
240°C and a CdS crown growth mixture (prepared previously by heating 480 mg of 
Cd(OAc)2, 340 µL of oleic acid and 2 mL of ODE at 150 C for 15 min, after cooling down 
to room temperature 3 mL of a 0.1 M sulfur precursor solution in ODE were added) was 
injected continuously at a rate of 8 mL/h for 9 min, to obtain CdSe(L)/CdS(S) core/crown 
NPLs, and for 25 min, to obtain CdSe(L)/CdS(L) core/crown NPLs. The whole product was 
then centrifuged at 3800 g (rcf) with 10 mL ethanol and the precipitate was dispersed in 
3 mL of hexane. For the synthesis of CdSe(S)/CdS(L) core/crown NPLs, a total amount of 
85 mg of cadmium myristate and 7.5 mL of ODE were degassed for 1 h at 100°C. 
Thereafter, under Ar flow the temperature of the mixture was raised to 250°C and a 
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selenium precursor solution (prepared by dispersing 12 mg of Se powder in 1 mL of ODE) 
was quickly injected. After exactly 30 seconds of selenium injection, the anisotropic CdS 
growth mixture (previously prepared as mentioned above) was continuously injected at a 
rate of 30 mL/h for 20 min. After the synthesis, the temperature was lowered down to room 
temperature and 20 mL of ethanol was added. The NPLs were precipitated by 
centrifugation at 3800 g (rcf) and dispersed in 3 mL of hexane. 
Growth of Pt Domains on 5 ML Thick CdSe and CdSe/CdS Core/Crown NPLs. In a three 
neck round bottom flask, a mixture of 24 mg of Pt(acac)2, 120 µL of oleylamine, 8 mL of 
ODE and required amount of the NPLs solution in hexane (so that the molar precursor ratio 
Cd/Pt = 1 : 5) were degassed at 50°C for 30 min. Under Ar flow, the temperature was raised 
to 130°C, and the reaction was continued for 2.5 h. The temperature was lowered down to 
room temperature and a 15 mL mixture of isopropanol/acetone = 1:1 was added. The whole 
product was centrifuged at 3800 g (rcf) for 15 min, the supernatant was discarded and the 
precipitate of the NPLs was dispersed in 3 mL hexane. 
Growth of Au Domains on 5 ML Thick CdSe/CdS Core/Crown NPLs. The pre-
synthesized NPLs dispersed in hexane are precipitated using ethanol and re-dispersed in 
toluene. In an 8 mL vial, 12 mg of AuCl3 together with 80 mg of DDA and 4 mL of toluene 
were sonicated for 5 min to obtain a light yellow color mixture of Au precursor. Thereafter, 
200 µL of the Pt decorated CdSe/CdS NPLs were taken inside a vial with 2 mL toluene and 
a magnetic stirring bar. A definite amount of the above Au precursor (so that the molar 
precursor ratio Cd/Au = 1:5) was added to this mixture. After the Au precursor addition, the 
mixture was stirred for 30 min at room temperature and normal day light condition. 
Subsequently, 500 μL of acetone was added and the products were centrifuged at 3800 g 
(rcf) for 5 min and finally dispersed in 2 mL of toluene. 
Growth of Au Domains on 5 ML Thick Pt Decorated CdSe/CdS Core/Crown NPLs. Au 
domains were grown on Pt decorated CdSe/CdS NPLs at room temperature, using AuCl3 as 
the gold precursor in toluene medium.
[1a]
 For that, the NPLs were precipitated from hexane 
using ethanol and re-dispersed in toluene. Thereafter, Au precursor solution was prepared 
by dissolving AuCl3, DDA in toluene as mentioned above. A total amount of 200 µL of the 
Pt decorated CdSe/CdS NPLs were taken inside a vial with 2 mL toluene and a magnetic 
stirring bar. A definite amount of the above Au precursor (so that the molar precursor ratio 
Cd/Au = 1:5) was added to this mixture. After the Au precursor addition, the mixture was 
stirred for 30 min at room temperature and normal day light condition. Subsequently, 
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500 μL of acetone was added and the products were centrifuged at 3800 g (rcf) for 5 min 
and finally dispersed in 3 mL of hexane. 
Growth of Pt Domains on 5 ML Thick Au Decorated CdSe(S)/CdS(L) NPLs. Pt domains 
are grown on Au decorated CdSe(S)/CdS(L) NPLs following the same reaction procedure as 
mentioned above for “Growth of Pt Domains on 5 ML Thick CdSe and CdSe/CdS 
Core/Crown NPLs.” After the centrifugation the product was dispersed in 3 mL hexane. 
Phase Transfer of CdSe/CdS and Pt Decorated CdSe/CdS NPLs. The CdSe/CdS 
core/crown NPLs and the metal decorated (Pt or Au on Pt) NPLs were transferred to 
aqueous medium following a procedure as described by Kodanek et.al.
[2-3]
 Briefly, 3 mL of 
the NPLs in hexane and a phase transfer reagent, prepared by dissolving 100 mg of MUA 
and 0.1 g of KOH in 4 mL of MeOH, were placed in a 20 mL vial and shaken overnight. 
The NPLs came to the MeOH phase leaving hexane. The MeOH phase, containing the 
NPLs, were separated from hexane using a phase separation flask, and centrifuged for 
5 min at 3800 g (rcf). The precipitate was dispersed in 0.1 M KOH. The solution was 
washed 2 times with distilled water to remove excess KOH. 
Synthesis of Pt Decorated CdSe/CdS Nanorods. CdSe/CdS core/shell nanorods of average 
length 23.2 nm ± 1.8 nm and average diameter of 5.7 nm ± 0.6 nm were prepared according 
to the procedure described in literature.
[4]
 The CdSe seeds used in the rod synthesis had an 
average diameter of 4.2 nm ± 0.4 nm. The nanorods are optically characterized with UV-vis 
absorption and also by emission spectroscopy (shown in Figure S10). Thereafter, growth of 
Pt domains and phase transfer to aqueous medium were performed, following the same 
procedure and reaction conditions as described above for the Pt decorated NPLs. 
Atomic Absorption Spectroscopy. The Cd ion concentration of CdSe NPLs and the metal 
decorated CdSe/CdS NPLs solution were determined by atomic absorption spectroscopy 
(AAS) using a Varian AA140 instrument. A series of Cd ion (0 to 2.5 ppm) solutions of 
known concentrations were prepared to obtain a calibration curve. 
Transmission Electron Microscopy. The morphologies of the NPLs, metal decorated NPLs 
and the nanorods were investigated by transmission electron microscopy using a FEI 
Tecnai G2 F20 TMP (Cs = 2 mm, CC = 2 mm), and a JEOL JEM-2100F UHR (Cs= 0.5 mm, 
CC = 1.2 mm), equipped with a 200 kV field-emission gun. Micrographs were taken in 
bright-field and in high-angle annular dark-field scanning transmission electron mode. Prior 
to TEM grid preparation the samples were precipitated by ethanol (CdSe and CdSe/CdS 
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NPLs) or isopropanol (metal decorated CdSe or CdSe/CdS NPLs) followed by 
centrifugation and re-dispersion in hexane (2 times). Subsequently, 10 µL of the purified 
sample were drop-casted on a carbon coated copper TEM grid. 
STEM-EDXS measurements were conducted in scanning transmission electron microscopy 
mode. A JEOL JEM-2100F, equipped with a field emission gun and operated at 200 kV 
was used for this analysis. 
Optical Characterizations. Absorption spectra of the samples were recorded using an 
Agilent Cary 5000 absorption spectrophotometer equipped with an integrating sphere. 
Absorbance spectra are collected in transmission mode. PL emission spectra of the samples 
were recorded using a Horiba Fluoromax-4 spectrometer. The PL quantum yield (QY) (in 
absolute mode) of the samples in solution was measured with a Horiba-DUAL FL 
spectrophotometer equipped with a Quanta-φ integrating sphere (Horiba). Time-correlated 
single photon counting (TCSPC) measurements were performed using a Fluorohub TCSPC 
unit (Horiba) combined with Fluoromax-4 spectrometer. A nanosecond pulsed LED 
(454 nm) with FWHM of 1.2 ns was used as the excitation source for the TCSPC 
measurements. All the absorption, absorbance and emission spectra of the samples were 
measured in a 1 cm quartz cuvette using hexane, toluene (UV-vis spectroscopy grade) or 
water as solvent. 
Powder X-ray Diffraction Analysis. The x-ray diffraction pattern of the samples was 
measured using a Bruker D8 Advance in reflection mode. Highly concentrated samples of 
CdSe/CdS NPLs and of the Pt decorated CdSe/CdS NPLs were drop casted on a single 
crystal silicon carrier and were dried in air before measurements. 
X-ray photoelectron spectroscopy (XPS). A Leybold Heraeus XPS analyzer with 
aluminium Kα x-ray beam was used as the excitation source to analyze the oxidation state 
of the metal domains. The concentrated colloidal solution of the pure CdSe/CdS and metal 
decorated CdSe/CdS NPLs were drop casted and dried under ambient conditions on silicon 
wafer (1 cm X 1.8 cm). The samples were then inserted into the XPS chamber and 
incubated in vacuum (10
-8 
mbar) for 18 h prior to the measurements. The binding energy 
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peaks are calibrated with carbon 1s peak. Gaussian/Lorentzian curve fitting was applied on 
the raw data using XPS 4.1 software. 
Photocatalytic Hydrogen Generation Experiment. The photocatalysts in aqueous medium 
(Pt decorated CdSe/CdS core/crown NPLs, Au on Pt decorated CdSe/CdS core/crown 
NPLs, CdSe(L)/CdS(L) NPLs and the Pt decorated CdSe/CdS nanorods) containing 1 mg of 
Cd ion concentration (measured by AAS) was dispersed in 50 mL deionized water with 
0.1 M Na2S and Na2SO3 as the sacrificial hole scavengers. The whole suspension was 
placed inside a 50 mL double jacket Duran quartz glass reactor with inlets and outlets for 
temperature control. The suspension was purged with Ar gas for 20 min to remove the 
dissolved O2 present in the system. Thereafter, the reactor was connected to the mass flow 
controller and to the Q/C capillary sampling inlet of a quadrupol Mass Spectrometer (QMS) 
for gas analysis (Hiden HPR-20) by the help of metal flanges and adapters. To remove the 
air completely from the headspace of the reactor, and to obtain a stable baseline, Ar gas 
stream was continuously flown through the reactor before irradiation, until no traces of 
molecular oxygen or nitrogen could be detected by the QMS. A constant Ar gas flow rate of 
10 cm
3
·min
-1
 was maintained through the reactor during the whole experiment. The inlet 
consumption by the QMS was 1 cm
3
·min
-1
 and the excess gas were allowed to pass through 
the exhaust. The sampling rate of the QMS was in the millisecond time range, allowing a 
fast tracking of the H2 production. After the background stabilization of the system (1 h), 
the reactor was illuminated using a 1000 W Xenon-arc lamp. The irradiation intensity 
measured before the glass reactor was 55 mW·cm
-2
. The H2 generation reaction was carried 
out for 4 h (light on to light off) under the same illumination conditions. For quantitative 
analysis of H2, the QMS was previously calibrated employing standard diluted H2, in Ar 
(Linde Gas, Germany). 
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2. Characteristics of 5ML thick CdSe and CdSe/CdS core/crown NPLs 
 
Figure S1. (upper panel) UV-vis absorbance and emission spectra of the 5 ML thick CdSe, 
CdSe(S)/CdS(L), CdSe(L)/CdS(S), and CdSe(L)/CdS(L) core/crown NPLs. (lower panel A-
D) TEM micrographs of the 5 ML thick CdSe and CdSe/CdS core/crown NPLs. 
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The absorbance spectra of the 5 ML thick CdSe NPLs show the characteristics bands at 
518 nm and at 550 nm, which corresponds to the lh-e (lighthole- electron) and hh-e 
(heavyhole- electron) transitions, respectively.
[1]
 The emission peak appears at 550 nm with 
a full width at half maximum (FWHM) of 11 nm, confirming the strong quantum 
confinement in the z direction. The absorbance spectra of CdSe(S)/CdS(L) core/crown 
NPLs exhibit characteristic transitions at 533 nm and at 430 nm for the very small CdSe 
core and the CdS crown, respectively. The emission spectra of the CdSe(S)/CdS(L) NPLs 
show a sharp peak at 533 nm with a FWHM of 14 nm. In the case of CdSe(L)/CdS(S) and 
CdSe(L)/CdS(L) NPLs, the anisotropic CdS crown has been grown on previously 
synthesized 5 ML thick CdSe NPLs. The absorbance spectra in both cases shows 
characteristics of the CdSe core and CdS crown. The emission maximum of 
CdSe(L)/CdS(S) and CdSe(L)/CdS(L) NPLs appear at 557 nm. Notably, the excitonic 
feature from CdS crown of the CdSe(L)/CdS(L) NPLs is much more pronounced than that 
of the CdSe(L)/CdS(S) NPLs, which is due to the larger CdS crown size on the same CdSe 
core NPLs. All the NPLs with different core/crown dimensions are characterized with 
bright field TEM analysis and are shown in the lower panel of Figure S1. The average size 
obtained for CdSe core NPLs is 31 nm ± 4.5 nm (in length) and 7 nm ± 1.5 nm (in width). 
The CdSe(S)/CdS(L) core/crown NPLs have an average side length of 41.4 nm ± 3.5 nm 
and a width of 13 nm ± 1.8 nm. The average size obtained for CdSe(L)/CdS(S) core/crown 
NPLs is 38.1 nm ± 5.2 nm (in length) and 13.6 nm ± 2.1 nm (in width); and for 
CdSe(L)/CdS(L) core/crown NPLs the average dimensions are 54.1 nm ± 7 nm (in length) 
and 22.7 nm ± 4.2 nm (in width). Due to the large crown size of the CdSe(L)/CdS(L) NPLs, 
some broken parts of the CdS crown (possibly due to the high strain) could be found on the 
TEM grid. 
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Figure S2. XRD pattern of three different types of CdSe/CdS core/crown NPLs. Red and 
blue vertical lines correspond to the reflections from the bulk CdSe and CdS semiconductor 
respectively.
[5]
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3. Elemental mapping (STEM-EDXS) of Pt decorated CdSe(L)/CdS(S) and 
CdSe(S)/CdS(L) NPLs 
 
Figure S3. HAADF-STEM images averaged with STEM-EDXS mappings for the elements 
Cd, Pt, Se and S (A-D, respectively) for Pt decorated CdSe(L)/CdS(S) core/crown NPLs. 
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Figure S4. (A) HAADF-STEM micrograph showing the bright white spots of Pt domains, 
(B-D) HAADF-STEM images averaged with STEM-EDXS mappings for the elements Cd, 
Pt, and S (A-D, respectively) for Pt decorated CdSe(S)/CdS(L) core/crown NPLs. 
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4. Optical and structural characterizations of Pt decorated CdSe/CdS NPLs 
 
Figure S5. (A) UV-vis absorbance spectra of the Pt decorated CdSe and CdSe/CdS 
core/crown NPLs with the same Cd ion concentration. (B) XRD pattern of the Pt decorated 
CdSe/CdS core/crown NPLs. Red, blue and grey vertical lines correspond to the reflexes 
from the bulk CdSe, CdS semiconductor and Pt metal respectively.
[5]
 
5. TEM characterizations of Au decorated CdSe/CdS NPLs 
 
Figure S6. TEM micrographs of Au domain growth on CdSe/CdS core/crown NPLs. (A) 
Small Au domains surrounding the edges of the NPLs are observed in the case of small 
CdSe core with large CdS crown. (B and C) Larger Au islands on the surface (near the 
CdSe core) together with very small Au domains surrounding the edges of the NPLs are 
observed for large CdSe core with small and large CdS crown, respectively. Insets are 
higher resolution TEM micrographs of the corresponding Au decorated NPLs. Schematic 
diagrams, included under the images are drawn following the TEM observations. 
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6. Optical characterizations of Au decorated CdSe/CdS NPLs 
 
Figure S7. (A) UV-vis absorbance spectra of the Au decorated CdSe and CdSe/CdS 
core/crown NPLs with the same Cd ion concentration. 
7. Optical characterizations and H2 gas generation ability of Au on Pt decorated 
NPLs. Absorption spectra of the Pt decorated CdSe/CdS NPLs after phase transfer 
 
Figure S8. (A) Absorbance spectra of the samples after Au growth on Pt decorated NPLs in 
organic medium. (B) H2 production rate using Au on Pt decorated CdSe(L)/CdS(L) NPLs as 
catalyst. (C) Absorbance spectra of the NPLs in hexane medium. (D) Absorption spectra of 
the NPLs in aqueous solution after phase transfer with MUA ligands. 
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8. HRTEM images of Pt and Au-Pt decorated NPLs 
 
Figure S9. HRTEM images of (A) Pt decorated CdSe(S)/CdS(L) NPLs and (B) Au growth 
on Pt decorated CdSe(S)/CdS(L) NPLs. The crystal lattice planes of the metal domains can 
be distinguished easily. Due to the very thin nature of the NPLs and also due to the high 
contrast difference between the metal and the CdSe/CdS segment, the lattice planes of both 
cannot be distinguished simultaneously. 
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9. TEM micrographs of the Pt decorated CdSe/CdS NPLs and CdSe/CdS nanorods in 
aqueous solution
 
Figure S10. (A-C) TEM micrographs of Pt decorated CdSe/CdS core/crown NPLs and (D) 
Pt decorated CdSe/CdS nanorods in aqueous solution. 
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10. Characteristics of Pt decorated CdSe/CdS nanorods and its H2 gas generation 
ability 
 
Figure S11. (A) Overview and (B) Higher resolution TEM micrographs of Pt domain 
growth on CdSe/CdS core/shell nanorods. (C) UV-vis absorption (solid lines) of CdSe/CdS 
nanorods, with Pt decoration and after phase transfer with MUA ligands, emission spectra 
(dotted line) of CdSe/CdS nanorods in hexane. (D) Photocatalytic H2 generation rate (green 
line) and the total amount of H2 produced (violet line) during the course of reaction with 
aqueous Pt decorated CdSe/CdS nanorods (containing 1 mg of Cd ion) as the photocatalyst. 
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11. Determination of AQE and TOF of hydrogen generation 
The AQE of the system can be evaluated by using the equation AQE = 2NH2/Nhv, where, 
NH2 = number of hydrogen molecules generated per second; can be easily calculated from 
the rate of hydrogen generation (NH2 = rate (mol/s)), whereas the number of absorbed 
photon by the system can be calculated from the equations (1) and (2) as mentioned below. 
    
       
    
    
                      
             
  
  
     
  
  
     
where, Ia = intensity of the absorbed light,   = wavelength of absorption maximum, 
Na = Avogadro number, h = Planck’s constant, c = speed of light, Io = intensity of incident 
light, Fs = fraction of light absorbed,  1-  2 = range of wavelength where the sample 
absorbs light, A= absorption of the sample at wavelength   (measured in integrating 
sphere). 
The highest rate of H2 generation by Pt decorated CdSe(L)/CdS(L) observed is 
18.34 µmol/h (per mg of Cd ion concentration) 
Hence NH2 = (18.34 x 10
-6
)/3600 = 5.1x10
-9
 mol/s 
Again, considering the area under the curve, (from  1 = 300 nm and  2 = 800 nm) 
                                                      
  
  
 = 53.1 mW·cm
-2
.and 
             
  
  
 = 14.23 mW·cm
-2
,  
Hence, Fs is equal to 0.2680. 
Now,          = 14.228 mW·cm-2, so     
       
     
   52.77 x 10-9 mol/s 
So AQE = {(2 x 5.1 x 10
-9
) / (52.77 x 10
-9
)} x 100% = 19.31% 
Volume of a single Pt decorated CdSe(L)/CdS(L) core/crown NPLs = (L x W x 
H) = 54.1 x 22.7 x 2 nm
3
 = 2456.14 nm
3
 (the actual thickness of the NPLs changes from 1.5 
to ~2 nm upon 2 layers of S from MUA top and bottom). 
Mass of a single NPL 
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 = 2456.14 nm
3
 x 4.82 (density of CdS 4.82 g/cc) 
 = 2456.14 x 10
-27
 x 10
6
 x 4.82 g (after unit conversion)
 
 
 = 11.838 x 10
-18
 g 
We have used 1 mg of Cd ion concentration which leads to sample weight of 1.28x10
-3
 g 
(considering one Cd atom is attached with one Se or S atom, here mass of S is considered). 
Hence number of NPLs present in the system 
 = (1.28 x 10
-3
) / (11.838 x 10
-18
) 
 = 1.08 x 10
14
 
Now, the maximum rate of H2 generation in the case of Pt decorated CdSe(L)/CdS(L) is 
18.34 µmol/h (per mg of Cd ion concentration). 
Hence, number of H2 molecules produced per second 
 = (18.34 x 10
-6
 x 6.023 x 10
23
) / 3600  
 = 3.07 x 10
15
 molecules of H2/s  
So, a single NPL can generate 
 = (3.07 x 10
15
) / (1.08 x 10
14
) molecules of H2/s 
 = 28.42 molecules of H2/s 
Hence TOF would be             = (28.42 x 3600)  
 = 102312 molecules of H2/h/NPL 
 ~10
5
 molecules of H2/h/NPL 
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12. Discussions of the observed differences in TOF and AQE of the catalyst for 
photocatalytic H2 generation 
In order to explain the observed differences in H2 production rate, AQE and TOF, the 
interplay of the following factors can be taken into account: (a) charge carrier separation (b) 
rate of hole removal by the hole scavenger, and (c) overall stability of the catalyst during 
the course of reaction. In the case of CdSe(L)/CdS(L) without any metal domain, the charge 
carrier separation is ineffective (due to absence of the metal domains), owing to higher 
degree of charge carrier recombination and hence less number of electrons are available to 
reduce the H
+
 ions, which ultimately results in lower efficiency. In the presence of the 
metal domains electrons are immediately transferred to the metal tips and due to this 
effective charge carrier separation, a higher number of electrons is available to reduce H
+
 
ions, and hence higher efficiency of H2 production is observed for the Pt decorated NPLs 
than CdSe(L)/CdS (L) without any metal domain. 
In order to explain the observed differences of AQE among the metal decorated NPLs, we 
need to consider the hole removal rate from the surface of the semiconductor to the 
sacrificial electron donor, which was suggested previously as one of the major rate limiting 
steps in photocatalytic H2 generation reactions, where Pt decorated CdSe/CdS nanorods are 
used as the catalyst.
[6]
 In this regard, the study of photoluminescence (PL) quenching and 
the change of PL decay time in presence of the hole scavenger were found to be helpful in 
literature.
[6]
 Therefore, we have conducted steady state emission (PL emission) and time 
resolved PL decay measurements by time correlated single photon counting (TCSPC 
measurements). The experiments were performed in aqueous solution of the CdSe/CdS 
NPLs (without any metal domain) in the presence and absence of the hole scavengers (a 
mixture of Na2S and Na2SO3), maintaining the same concentration of the reagents in the 
cuvette as used for the photocatalytic water reduction reactions. The excitation intensity and 
the sample absorption were the same (454 nm) for the samples (with and without hole 
scavengers) so that the quantum yield (measured in absolute mode using an integrating 
sphere) and the PL decay times can be directly related. 
The PL intensity of the initial NPLs after the phase transfer is reduced by ~50%, in contrast 
to the NPLs in hexane medium,
[2-3]
 due to the increased degree of non-radiative 
Noble Metal Growth on Nanoplatelets 
 
165 
recombination processes and due to the different ligands (MUA) employed in the phase 
transfer, since thiol ligands can also act as effective hole acceptors.
[7]
 Upon the addition of 
the hole scavengers in all cases the PL quantum yield decreases accompanied by a decrease 
in the PL decay time. The apparent hole transfer rate can be determined from the PL decay 
times measured (here only mono-exponential decay is considered for the ease of 
calculations), by using the equations kht = [k(MUA+ED) - kMUA] (with τht = 1/kht), so 
τ(MUA+ED) = 1/k(MUA+ED), τMUA=1/k(MUA).[6a] Here, kht, represents the apparent hole transfer 
rate from the surface of the NPLs to the electron donor (ED i.e. S
2-
/SO3
2-
), independent 
from the holes accepting effect of MUA, whereas, k(MUA+ED) and kMUA represent the same in 
the presence and absence of S
2-
/SO3
2-
, respectively. τht, τ(MUA+ED) and τMUA represent the 
observed PL decay time of the system, in the presence and absence of S
2-
/SO3
2-
, 
respectively. The PL decay of the NPLs and the nanorods before and after addition of S
2-
/SO3
2-
 are presented in Figure S11. The PL quantum yield (absolute) and the mono-
exponential PL decay times are summarized in Table 1. The hole removal rates are found to 
be 0.085 ns
-1
, 0.055 ns
-1
, 0.031 ns
-1
 and 0.028 ns
-1
 for CdSe(L)/CdS(L), CdSe(L)/CdS(S), 
CdSe(S)/CdS(L) and CdSe/CdS nanorods, respectively. This means that in the case of 
CdSe(L)/CdS(L), the holes are removed faster than all other systems, or in other words, the 
S
2-
/SO3
2-
 electrolyte can donate the electron faster to the holes. This is most likely due to 
the larger exposed surface of the CdSe(L)/CdS(L) NPLs, which come in contact of the S
2-
/SO3
2-
 ions. The hole transfer rates in turn explain the observed differences of the H2 
production rate of the Pt decorated NPLs. It should also be noted that the Pt decorated 
CdSe/CdS nanorods have the lowest hole removal rate among all investigated systems, 
under similar conditions, most likely due to the shielding of the CdSe core inside the CdS 
rods, the electron donor cannot reach the core effectively. Hence, the parallel relationship 
of the hole removal rates and the AQE is in contrary for the Pt decorated 
CdSe/CdS nanorods. The overall stability of the catalyst under the reaction conditions could 
explain these observations. Sometimes the large CdS crown of the Pt decorated 
CdSe(L)/CdS(L) might break due to its thin nature,
[1b]
 local strain
[1b]
 and the stirring 
reaction conditions, causing a decrease in the effective surface area responsible for the light 
absorption and hence lower efficiency. Moreover, after the photocatalytic reactions, sample 
aggregation was observed in all cases of metal decorated NPLs, whereas the sample with 
nanorods was found to be relatively stable after the reactions. In the case of Au-Pt-
CdSe(S)/CdS(L) NPLs, the photo excited electron can be transferred to Au or Pt (Fermi 
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level energy of Pt is 8.8 eV and for Au 5.53 eV),
[8]
 which could lead to a competition 
between the two noble metal domains to receive the electron. In summary, the differences 
in H2 production rate and the AQE of the catalyst can be explained through the interplay of 
all the above mentioned factors such as, effects of metal domains, holes scavenging rate, 
and overall stability of the catalyst in the reaction medium. 
13. PL decay analysis of the aqueous NPLs in presence and absence of S
2-
/SO3
2-
 
electrolyte 
 
Figure S11. (A-C) PL decay analysis of the aqueous CdSe/CdS core/crown NPLs and of 
(D) CdSe/CdS nanorods, before and after addition of S
2-
/SO3
2-
electron donor. 
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Table 1. Quantum Yield (QY) and PL decay time (τ) of the NPLs and nanorods with and 
without electron donor. 
Sample 
QY 
(%) 
τ 
(ns) 
Sample (aqueous) 
QY 
(%) 
τ 
(ns) 
CdSe(L)/CdS(L) 15.4 11.1 CdSe(L)/CdS(L) 
+ S
2-
/SO3
2-
 
7.4 5.7 
CdSe(L)/CdS(S) 18.1 10.9 CdSe(L)/CdS(S) 
+ S
2-
/SO3
2
 
9.8 6.8 
CdSe(S)/CdS(L) 10.4 9.8 CdSe(S)/CdS(L) 
+ S
2-
/SO3
2
 
7.4 7.5 
CdSe/CdS nanorods 16.2 24.6 CdSe/CdS nanorods  
+ S
2-
/SO3
2
 
10.1 14.5 
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5 What is next? 
The quasi 2D metal decorated nanoheteroplatelets reported here could be a starting 
monomer for the fabrication of multicomponent aerogel with homogeneous metal 
distribution and controlled interfaces. Therefore, the direct next step would be the synthesis 
of aerogels from metal-semiconductor heteroplatelets. The macroscopic porous 
multicomponent aerogels will exhibit the synergistic properties of both the metal and the 
semiconductor in solid state, which might be beneficial for catalytic reactions and sensor 
based applications. 
Initial experiments were performed successfully for the fabrication of the Au decorated 
CdSe/CdS core/crown NPLs in aqueous solution. In this case, the NPLs synthesized in 
organic solution were phase transferred to aqueous solution and the Au domains were 
grown on the NPLs by reducing HAuCl4. 3H2O. Ascorbic acid and citric acid-Na-citrate 
mixture were employed as reducing agents. However Au domains were found to be present 
all over the surface of the NPLs in both cases. It should be noted, that the phase transfer of 
the Au decorated CdSe/CdS NPLs from organic to aqueous solution was not successful 
(aggregation of the particles were observed). Therefore, in future modifications of the 
present synthetic routes are needed to achieve heterostructures with selective metal 
nucleation in aqueous solution. 
The site selective growth of Pt domains on the CdSe or CdSe/CdS NPLs in aqueous 
solution is hardly reported in literature. One example reported by Elmalem et al. shows the 
growth of CdSe-Pt hybrid structure at different pH values, where CdSe nanorods, 
synthesized in organic solution were transferred to aqueous solution and then PtCl4 was 
reacted with it.
112
 The hybrid system contained Pt domains all over the surface of the 
Outlook 
 
169 
nanorods and ultimately formed nanonet type geometry. The similar synthesis route when 
adopted for the NPLs results in aggregate formation, which could be due to the high 
sensitivity of the NPLs toward the reaction conditions. Hence, in future to develop the 
porous 3D aerogels from selective Pt decorated NPLs, a new route need to be developed to 
grow Pt domains site selectively on the CdSe and CdSe/CdS NPLs in aqueous solution, 
which could act as the building blocks for the aerogel formation. Polymer coating of the 
heteronanoplatelets could be another option to bring them into water. The gelation can be 
also achieved by adding suitable metal ions to the aqueous solution which will bind with 
the anionic end of the ligands to form the network structure.
182
 The present problem of 
colloidal instability (as discussed in section 4.3) of the catalyst in the glass reactor could be 
circumvented by employing these multicomponent aerogels. Moreover, in the aerogels, the 
interconnected NPLs will also have (100) as the exposed crystal facets, which will be 
helpful for future facet selective catalytic as well as photocatalytic reactions. Therefore, it 
can be said that in near future it will be possible to make aerogels from selectively metal 
decorated NPLs by suitable variation of the reaction conditions. 
The aerogels from CdSe/CdS NPLs employed in the gelation experiments are core/crown 
type, where the CdSe part is more exposed and found to be sensitive to external 
environment. Therefore, in future, one could think of core/shell type of NPLs as the 
building blocks for the gelation experiments, where, the CdSe core NPL is shielded by 
CdSe shell, both at the top and bottom surface. Hence these types of NPLs might overcome 
the dissolution effect of the H2O2 and would exhibit even higher PLQY. The hydrogels and 
the aerogels from semiconductor NPLs could possibly be employed as a material for photo-
electrochemical sensor by coating them on transparent conductive glass electrode (e.g., 
FTO or ITO) by using suitable linker molecules or by using 3D printing. Recently, it is 
known that the fluorescence of the NPLs coated film strongly depends on the O2 content of 
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the external environment thus help in fabrication of biosensors for oxygen detection. This 
process is reversible in nature, i.e. with decreasing concentration of the O2 molecule, the 
fluorescence intensity decreases and vice versa. The aerogels developed here therefore in 
principle would be able to serve this purpose even better due to the presence of enormous 
number of pores where, the O2 or other reactant molecules can diffuse easily. 
In section 3.2, the gelation of the Pt nanocubes and nanospheres, from organic solution is 
presented. Therefore, it would be of high interest in future to prepare gels of different 
shapes of Pt as well as from other noble metal NPs. It would be also interesting in future to 
prepare multimetallic aerogels from shape controlled metal NPs with certain exposed 
crystal facets and to compare their catalytic activities. The light weight, porous aerogels 
from Pt NPs developed here with such high specific surface area with distinct crystal facets 
could be advantageous for example in making stimulation electrodes, fuel cells, sensors, 
mechanical actuator and catalysis, in general. For all these applications aerogels need to be 
connected with a current collector. This purpose might be solved by placing the aerogels on 
glassy carbon electrode or other conductive electrode followed by a thin layer of Nafion for 
fixation purpose.  
The heteronanoplatelets reported in this thesis are formed by growing noble metal such as 
Au, Pt and Pd domains on the CdSe/CdS NPLs. These noble metals are expensive and are 
limited in resources. Therefore, alternative pathways need to be developed in future e.g., Ni 
or Co could be of preferred choice. Hence, the reaction conditions of nanoheteroplatelets 
synthesis should be modified accordingly. Also the different nucleation behavior of the 
metal domains on CdSe NPLs, should be realized by further experiments employing metal 
salts with same cation and different anions, to see the effects of the anionic part on the 
nucleation behavior and also on the final morphologies. 
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The photochemical instability of the II-VI semiconductors under reaction conditions are 
found to affect the catalytic activity. This problem might be circumvented by employing 
second co-catalyst such as IrO2 or Ru, or using suitable redox couple, which can scavenge 
the holes (these holes are responsible for the corrosion) from the semiconductor to water 
very fast and would provide desired photochemical stability of the cadmium based 
structure. The modification of the structural morphologies by varying the amounts of noble 
metal co-catalyst could also increase the photo-catalytic efficiency. 
It should be also noted that the cadmium based NPs employed are toxic in nature, even 
consumptions of low amount of cadmium can be carcinogenic, and hence alternative 
pathways should be developed to prepare NPs with less or no toxic effects. 
Therefore it can be unambiguously said that the work presented in this thesis will definitely 
contribute to the broader aspects of the materials science mainly in catalysis and sensor 
fabrication and will bridge the laboratory inventions and the commercial market. 
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6 Final Remarks 
This thesis in overall describes the development of new synthetic routes to produce highly 
porous, light weight macroscopic aerogels from shape controlled metal, and semiconductor 
NPs. The fabrication techniques of hydrogels and aerogels from cubic and quasispherical Pt 
NPs overcome the existing methodological drawbacks of time consuming phase transfer 
and ultrafiltration processes. The gels from semiconductor NPLs as well as from Pt 
nanocubes exhibit high inner specific surface with enriched (100) crystal facets. This thesis 
also presents new types of metal-semiconductor hybrid nanoheterostructures with tunable 
morphology. The synthesis of heteroplatelets is a contribution to the class of hybrid 
materials with advanced functionalities. The photocatalytic activity of the hybrid structures 
is promising for applications in e.g., H2 gas generation through water reduction.  
In details, the synthesis of luminescent aerogels from CdSe and CdSe/CdS core/crown 
NPLs  is presented in section 2. The hydrogels are formed from the aqueous solution of the 
building blocks using H2O2 assisted destabilization, which is converted to aerogels by 
supercritical drying. Aerogels acquire a remarkably high specific surface area in the range 
of 189-219 m
2
 ∙ g-1 (27000-34000 m2 · mol-1) and densities of 0.038 g · cm-3, which is only 
0.8% of bulk CdS and 0.69% of bulk CdSe densities. The optical properties of the aerogels 
are found to be similar with the pristine NPLs in aqueous solution. A comparison of the 
optical properties between the dense packed films and the porous aerogels proves that the 
aerogels acquire roughly 2 times higher PLQY and longer PL lifetime. Advantageously, the 
entire surface of the aerogels consist of only (100) crystal facets suitable for facet selective 
catalytic reactions. 
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Section 3 of the thesis, represents the development of new synthetic strategies to prepare 
aerogels from shape controlled Pt NPs. The procedure works in colloidal organic solution. 
In this method, time consuming phase transfer, and ultrafiltration processes for 
concentrating the NPs solution can be effectively avoided. The entire template free aerogels 
consist of crystalline connections of the individual Pt NPs. The highly voluminous and 
porous structure of the aerogels from Pt nanocubes and nanospheres exhibits specific 
surface area in the range of 33-36 m
2
 · g
-1
 (6400-7000 m
2
 · mol
-1
) which is in the same 
order of magnitude with the specific surface area of the aerogels obtained from traditional 
methods. More interestingly, the cube aerogels exhibit (100) as the only exposed crystal 
facets. The catalytic activity of the cube aerogels are found to be better than the sphere 
aerogels in asymmetric hydrogenation of 4,4-dimethyldihydrofuran-2,3-dione (keto-
pantolactone) with an enantiomeric excess of 9% for the D-isomer.  
Section 4 represents the very first report to combine the synergistic properties of quasi 2D 
NPLs and noble metal domains (Au, Pd and Pt) in the same material with controlled 
morphologies. Metal domains such as Au, Pt and Pd have been grown site-selectively on 
the 5 ML thick CdSe NPLs. It has been shown that the metal nucleation behavior and the 
final morphologies of the hybrid structure strongly depends on the types and amount of 
precursors and other reaction parameters, such as temperature, reaction time and ligands 
present in the solution. Additionally, the charge carrier separation in this new hybrid 
structure is investigated by the degradation of methylene blue as model electron acceptor 
dye. All hybrid structures show catalytic activities superior to the pristine CdSe NPLs 
without any metal domains.  
Furthermore, section 4 demonstrates the expansion of the metal domain growth on 
anisotropic CdSe/CdS core/crown NPLs with variable dimensions. Significant differences 
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in the metal nucleation behavior are observed, when the size of the CdSe core and the CdS 
crown is varied. It is also proved that the reaction order of the metal domain growth also 
controls the final morphologies of the hybrid structure. The local distribution and elemental 
compositions of the ternary and quaternary hybrid NPLs are thoroughly investigated with 
elemental analysis. Moreover, the hybrid structures synthesized in organic solution are 
transferred to aqueous solution by ligand exchange reactions and employed as catalyst for 
photo assisted water reduction reaction to produce H2 gas. An apparent quantum efficiency 
of ~19.3% is observed for the Pt decorated CdSe/CdS NPLs with a large CdSe core and 
large CdS crown. 
Keeping the above advantages of metal-semiconductor hybrid structures in mind, the next 
step would be the synthesis of gels from noble metal decorated semiconductor NPLs. 
Preliminary experiments of growing Au domains on CdSe/CdS NPLs in aqueous solution 
by means of citric acid/Na-citrate and ascorbic acid induced reduction of chloroauric acid 
have already been successful, but the gelation of the heteroplatelets is still under 
development.  
Summarizing, this thesis includes new invention of the metal-semiconductor 
nanoheteroplatelets with variable morphologies. It also demonstrates an efficient way to 
transform shape controlled Pt NPs and CdSe, CdSe/CdS NPLs to highly porous, light 
weight, macroscopic aerogels. Model systems of catalytic applications are also 
experimented by employing the hybrid structures as catalyst. The results are promising in 
the controlled environment of the research laboratory. In order to bring the advantages of 
these particles in our day-to-day life, or in commercial level, further improvements 
regarding the processibility of the materials is required, which is beyond the scope of this 
thesis.  
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